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Thermodynamics 


1-2 


1-1C On a downhill road the potential energy of the bicyclist is being converted to kinetic energy, and thus the bicyclist 
picks up speed. There is no creation of energy, and thus no violation of the conservation of energy principle. 


1-2C A car going uphill without the engine running would increase the energy of the car, and thus it would be a violation of 
the first law of thermodynamics. Therefore, this cannot happen. Using a level meter (a device with an air bubble between 
two marks of a horizontal water tube) it can shown that the road that looks uphill to the eye is actually downhill. 


1-3C There is no truth to his claim. It violates the second law of thermodynamics. 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



Mass, Force, and Units 
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1-4C The “pound” mentioned here must be “lbf” since thrust is a force, and the lbf is the force unit in the English system. 
You should get into the habit of never writing the unit “lb”, but always use either “lbm” or “lbf’ as appropriate since the 
two units have different dimensions. 


1-5C In this unit, the word light refers to the speed of light. The light-year unit is then the product of a velocity and time. 
Hence, this product forms a distance dimension and unit. 


1-6C There is no acceleration, thus the net force is zero in both cases. 


1-7E The weight of a man on earth is given. His weight on the moon is to be determined. 
Analysis Applying Newton's second law to the weight force gives 


W = mg 


W 

>m = — 
g 


210 lbf f 32.174 lbm- ft/s 2 ' 
32.10 ft/s 2 ( 1 lbf 


= 210.5 lbm 


Mass is invariant and the man will have the same mass on the moon. Then, his weight on the moon will be 


W = mg = (210.5 lbm)(5.47 ft/s 2 ) 


1 lbf 


32.174 lbm- ft/s 


35.8 lbf 


1-8 The interior dimensions of a room are given. The mass and weight of the air in the room are to be determined. 
Assumptions The density of air is constant throughout the room. 

Properties The density of air is given to be p = 1.16 kg/m 3 . 

Analysis The mass of the air in the room is 

m = pV = ( 1 . 1 6 kg/m 3 )(6 x 6 x 8 m 3 ) = 334. 1 kg 

Thus, 


ROOM 

AIR 

6X6X8 m 3 


W = mg = (334.1 kg)(9. 81 m/s 2 


IN 


1 kg- m/s 


= 3277 N 
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1-9 The variation of gravitational acceleration above the sea level is given as a function of altitude. The height at which the 
weight of a body will decrease by 0.5% is to be determined. 

ZA 

Analysis The weight of a body at the elevation z can be expressed as 
W = mg = m(9.807 - 3.32 x 10 _6 z) 

In our case, 

W = 0.995W S =0.995 mg s = 0.995(m)(9.81) 

Substituting, q 

0.995(9.81) = (9.81-3.32xl0^z) > z = 14,774 m = 14,770 m Sea level 


1-10 The mass of an object is given. Its weight is to be determined. 
Analysis Applying Newton's second law, the weight is determined to be 

W = mg = (200 kg)(9.6 m/s 2 ) = 1 920 N 


1-11E The constant-pressure specific heat of air given in a specified unit is to be expressed in various units. 
Analysis Applying Newton's second law, the weight is determined in various units to be 


c p =(1.005 kJ/kg • °C) 
c p =(1.005 kJ/kg -°C) 
c p =(1.005 kJ/kg •°C) 
c p =(1.005 kJ/kg • °C) 


1 kJ/kg • K 
1 kJ/kg • °C 


= 1 .005 kJ/kg K 


1000J V 


lkg 

1000 g 


lkJ 

1 kcal 
4.1868 kJ 

/ 

1 Btu/lbm • °F 
4.1868 kJ/kg -°C 


= 1 .005 J/g °C 


= 0.240 kcal/kg °C 


A 


= 0.240 Btu/lbm °F 
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1-12 A rock is thrown upward with a specified force. The acceleration of the rock is to be determined. 
Analysis The weight of the rock is 

IN 


W = mg = (3 kg)(9.79 m/s ) 


= 29.37 N 


1 kg • m/s 

Then the net force that acts on the rock is 

^net =^up-^dow„ =200-29.37 = 170.6 N 
From the Newton's second law, the acceleration of the rock becomes 


F _ 170.6 N 
m 3 kg 


1 kg- m/s 
IN 


2 A 



Stone 


56.9 m/s 
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1-13 



Problem 1-12 is reconsidered. The entire EES solution is to be printed out, including the numerical results with 


proper units. 

Analysis The problem is solved using EES, and the solution is given below. 


"The weight of the rock is" 

W=m*g ' 
m=3 [kg] 
g=9.79 [m/s2] 

"The force balance on the rock yields the net force acting on the rock as" 
F_up=200 [N] 

F_net = F_up - F_down 
F_down=W 

"The acceleration of the rock is determined from Newton's second law." 
F_net=m*a 

"To Run the program, press F2 or select Solve from the Calculate menu." 

SOLUTION 

a=56.88 [m/s A 2] 

F_down=29.37 [N] 

F_net=170.6 [N] 

F_up=200 [N] 
g=9.79 [m/s2] 
m=3 [kg] 

W=29.37 [N] 


m [kg] 

a [m/s 2 ] 

1 

190.2 

2 

90.21 

3 

56.88 

4 

40.21 

5 

30.21 

6 

23.54 

7 

18.78 

8 

15.21 

9 

12.43 

10 

10.21 
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1-14 During an analysis, a relation with inconsistent units is obtained. A correction is to be found, and the probable cause 
of the error is to be determined. 

Analysis The two terms on the right-hand side of the equation 
E = 25 kJ + 7 kJ/kg 

do not have the same units, and therefore they cannot be added to obtain the total energy. Multiplying the last term by mass 
will eliminate the kilograms in the denominator, and the whole equation will become dimensionally homogeneous; that is, 
every term in the equation will have the same unit. 

Discussion Obviously this error was caused by forgetting to multiply the last term by mass at an earlier stage. 


1-15 A resistance heater is used to heat water to desired temperature. The amount of electric energy used in kWh and kJ 
are to be determined. 

Analysis The resistance heater consumes electric energy at a rate of 4 kW or 4 kJ/s. Then the total amount of electric energy 
used in 2 hours becomes 

Total energy = (Energy per unit time)(Time interval) 

= (4 kW)(2 h) 

= 8 kWh 

Noting that 1 kWh = (1 kJ/s)(3600 s) = 3600 kJ, 

Total energy = (8 kWh)(3600 kJ/kWh) 

= 28,800 kJ 

Discussion Note kW is a unit for power whereas kWh is a unit for energy. 


1-16 A gas tank is being filled with gasoline at a specified flow rate. Based on unit considerations alone, a relation is to be 
obtained for the filling time. 

Assumptions Gasoline is an incompressible substance and the flow rate is constant. 

Analysis The filling time depends on the volume of the tank and the discharge rate of gasoline. Also, we know that the unit 
of time is ‘seconds’. Therefore, the independent quantities should be arranged such that we end up with the unit of 
seconds. Putting the given information into perspective, we have 

t [s] <-» V [L], and V [L/s} 

It is obvious that the only way to end up with the unit “s” for time is to divide the tank volume by the discharge rate. 
Therefore, the desired relation is 

{/ 

t = — 

v_ 

Discussion Note that this approach may not work for cases that involve dimensionless (and thus unitless) quantities. 
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1-17 A pool is to be filled with water using a hose. Based on unit considerations, a relation is to be obtained for the volume 
of the pool. 

Assumptions Water is an incompressible substance and the average flow velocity is constant. 

Analysis The pool volume depends on the filling time, the cross-sectional area which depends on hose diameter, and flow 
velocity. Also, we know that the unit of volume is m 3 . Therefore, the independent quantities should be arranged such that 
we end up with the unit of seconds. Putting the given information into perspective, we have 

V [m 3 ] is a function of t [s], D [m], and V [m/s} 

It is obvious that the only way to end up with the unit “m ” for volume is to multiply the quantities t and V with the square 
of D. Therefore, the desired relation is 

V = CD 2 Vt 

where the constant of proportionality is obtained for a round hose, namely, C =7r/4 so that V = (nD 2 /4)Vt. 

Discussion Note that the values of dimensionless constants of proportionality cannot be determined with this approach. 


1-18 It is to be shown that the power needed to accelerate a car is proportional to the mass and the square of the velocity of 
the car, and inversely proportional to the time interval. 

Assumptions The car is initially at rest. 

Analysis The power needed for acceleration depends on the mass, velocity change, and time interval. Also, the unit of 
power W is watt, W, which is equivalent to 

W = J/s = N-m/s = (kg-m/s 2 )m/s = kg-m 2 /s 3 

Therefore, the independent quantities should be arranged such that we end up with the unit kg-m /s' for power. Putting the 
given information into perspective, we have 

W [ kg-m /s ] is a function of m [kg], V [m/s], and t [s] 

2 3 

It is obvious that the only way to end up with the unit “kg-m /s ” for power is to multiply mass with the square of the 
velocity and divide by time. Therefore, the desired relation is 

W is proportional to mV It 


or, 

W = CmV 2 / 1 

where C is the dimensionless constant of proportionality (whose value is !4 in this case). 

Discussion Note that this approach cannot determine the numerical value of the dimensionless numbers involved. 
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Systems, Properties, State, and Processes 
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1-19C This system is a region of space or open system in that mass such as air and food can cross its control boundary. 
The system can also interact with the surroundings by exchanging heat and work across its control boundary. By tracking 
these interactions, we can determine the energy conversion characteristics of this system. 


1-20C The system is taken as the air contained in the piston-cylinder device. This system is a closed or fixed mass system 
since no mass enters or leaves it. 


1-21C Any portion of the atmosphere which contains the ozone layer will work as an open system to study this problem. 
Once a portion of the atmosphere is selected, we must solve the practical problem of determining the interactions that occur 
at the control surfaces which surround the system's control volume. 


1-22C Intensive properties do not depend on the size (extent) of the system but extensive properties do. 


1-23C If we were to divide the system into smaller portions, the weight of each portion would also be smaller. Hence, the 
weight is an extensive property. 


1-24C If we were to divide this system in half, both the volume and the number of moles contained in each half would be 
one-half that of the original system. The molar specific volume of the original system is 

_ 1 / 

1/ = — 

N 

and the molar specific volume of one of the smaller systems is 

- _ 07/2 _ ^ 

^ “ N 12 ~ ~N 

which is the same as that of the original system. The molar specific volume is then an intensive property. 


1-25C For a system to be in thermodynamic equilibrium, the temperature has to be the same throughout but the pressure 
does not. However, there should be no unbalanced pressure forces present. The increasing pressure with depth in a fluid, 
for example, should be balanced by increasing weight. 


1-26C A process during which a system remains almost in equilibrium at all times is called a quasi-equilibrium process. 
Many engineering processes can be approximated as being quasi-equilibrium. The work output of a device is maximum 
and the work input to a device is minimum when quasi-equilibrium processes are used instead of nonquasi-equilibrium 
processes. 
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1-27C A process during which the temperature remains constant is called isothermal; a process during which the pressure 
remains constant is called isobaric; and a process during which the volume remains constant is called isochoric. 


1-28C The state of a simple compressible system is completely specified by two independent, intensive properties. 


1-29C The pressure and temperature of the water are normally used to describe the state. Chemical composition, surface 
tension coefficient, and other properties may be required in some cases. 

As the water cools, its pressure remains fixed. This cooling process is then an isobaric process. 


1- 30C When analyzing the acceleration of gases as they flow through a nozzle, the proper choice for the system is the 
volume within the nozzle, bounded by the entire inner surface of the nozzle and the inlet and outlet cross-sections. This is a 
control volume since mass crosses the boundary. 


1-31C A process is said to be steady-flow if it involves no changes with time anywhere within the system or at the system 
boundaries. 
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1-32 ■ Bim The variation of density of atmospheric air with elevation is given in tabular form. A relation for the variation 
of density with elevation is to be obtained, the density at 7 km elevation is to be calculated, and the mass of the atmosphere 
using the correlation is to be estimated. 


Assumptions 1 Atmospheric air behaves as an ideal gas. 2 The earth is perfectly sphere with a radius of 6377 km, and the 
thickness of the atmosphere is 25 km. 

Properties The density data are given in tabular form as 



r, km 

z, km 

A kg/m 3 

6377 

0 

1.225 

6378 

1 

1.112 

6379 

2 

1.007 

6380 

3 

0.9093 

6381 

4 

0.8194 

6382 

5 

0.7364 

6383 

6 

0.6601 

6385 

8 

0.5258 

6387 

10 

0.4135 

6392 

15 

0.1948 

6397 

20 

0.08891 

6402 

25 

0.04008 


Analysis Using EES, (1) Define a trivial function rho= a+z in equation window, (2) select new parametric table from 
Tables, and type the data in a two-column table, (3) select Plot and plot the data, and (4) select plot and click on “curve fit” 
to get curve fit window. Then specify 2 nd order polynomial and enter/edit equation. The results are: 

p(z) = a + bz + cz 2 = 1.20252 - 0.101674z + 0.0022375z 2 for the unit of kg/m 3 , 

(or, p(z) = (1.20252 - 0.101674z + 0.00223 75z 2 )xl0 9 for the unit of kg/km 3 ) 

where z is the vertical distance from the earth surface at sea level. At z = 7 km, the equation would give p = 0.60 kg/m . 

(b) The mass of atmosphere can be evaluated by integration to be 

m=\ pdV = I* ( a + bz + cz 2 )4 7r(r 0 + z) 2 dz = 4 n f ( a + bz + cz 2 )(r 0 2 + 2 r 0 z + z 2 ) dz 

J Jz = 0 Jz = 0 

V 

= 4 7z\ar^ h + r 0 (2 a + br 0 )h 2 / 2 + (a + 2 br 0 + cr 0 2 )h 3 / 3 + (b + 2 cr 0 )h 4 / 4 + ch 5 / 5 

where r 0 = 6377 km is the radius of the earth, h = 25 km is the thickness of the atmosphere, and a = 1.20252, b = - 
0.101674, and c = 0.0022375 are the constants in the density function. Substituting and multiplying by the factor 10 9 for the 
density unity kg/km 3 , the mass of the atmosphere is determined to be 

m = 5.092xl0 18 kg 

Discussion Performing the analysis with excel would yield exactly the same results. 

EES Solution for final result: 

a=1. 20251 66; b=-0.10167 

c=0. 0022375; r=6377; h=25 

m=4*pi*(a*r A 2*h+r*(2*a+b*r)*h A 2/2+(a+2*b*r+c*r A 2)*h A 3/3+(b+2*c*r)*h A 4/4+c*h A 5/5)*1 E+9 
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Temperature 
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1-33C The zeroth law of thermodynamics states that two bodies are in thermal equilibrium if both have the same 
temperature reading, even if they are not in contact. 


1-34C They are Celsius (°C) and kelvin (K) in the SI, and fahrenheit (°F) and rankine (R) in the English system. 


1-35C Probably, but not necessarily. The operation of these two thermometers is based on the thermal expansion of a 
fluid. If the thermal expansion coefficients of both fluids vary linearly with temperature, then both fluids will expand at the 
same rate with temperature, and both thermometers will always give identical readings. Otherwise, the two readings may 
deviate. 


1-36 A temperature is given in °C. It is to be expressed in K. 
Analysis The Kelvin scale is related to Celsius scale by 

r(K] = r(°c) + 273 

Thus, 

r(K] = 37°C + 273 = 310 K 


1-37E The temperature of air given in °C unit is to be converted to °F and R unit. 
Analysis Using the conversion relations between the various temperature scales, 

r(°F) = 1 .87X°C) + 32 = (1 . 8)(1 50) + 32 = 302°F 
r(R) = r(°F) + 460 = 302 + 460 = 762 R 


1-38 A temperature change is given in °C. It is to be expressed in K. 

Analysis This problem deals with temperature changes, which are identical in Kelvin and Celsius scales. Thus, 
AT(K] = AT(°C) = 45 K 
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1-39E The flash point temperature of engine oil given in °F unit is to be converted to K and R units. 
Analysis Using the conversion relations between the various temperature scales, 

T{ R) = r(°F) + 460 = 363 + 460 = 823 R 
T{ R) 823 


T( K) = 


1.8 1.8 


457 K 


1-40E The temperature of ambient air given in °C unit is to be converted to °F, K and R units. 
Analysis Using the conversion relations between the various temperature scales, 

T = -40°C = (— 40)(1 .8) + 32 = -40°C 
T = -40 + 273.15 = 233.15 K 
T = -40 + 459.67 = 41 9.67 R 


1-41E The change in water temperature given in °F unit is to be converted to °C, K and R units. 
Analysis Using the conversion relations between the various temperature scales, 

AT = 10/1.8 = 5.6°C 
AT = 10/1.8 = 5.6 K 
AT = 10°F = 10 R 


1-42E A temperature range given in °F unit is to be converted to °C unit and the temperature difference in °F is to be 
expressed in K, °C, and R. 

Analysis The lower and upper limits of comfort range in °C are 


T(° C) 
T{° C) 


T(°F)-32 

F8 

r(°F)-32 

L8 


65-32 

1.8 

75-32 

1.8 


18.3°C 

23.9°C 


A temperature change of 10°F in various units are 
AT (R) = AT (°F) = 1 0 R 


AT(°C) = 


AT(°F) 10 


= 5.6°C 


1.8 1.8 
AT(K) = Ar(°C) = 5.6 K 
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Pressure, Manometer, and Barometer 
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1-43C The pressure relative to the atmospheric pressure is called the gage pressure , and the pressure relative to an absolute 
vacuum is called absolute pressure. 


1-44C The blood vessels are more restricted when the arm is parallel to the body than when the arm is perpendicular to the 
body. For a constant volume of blood to be discharged by the heart, the blood pressure must increase to overcome the 
increased resistance to flow. 


1-45C No, the absolute pressure in a liquid of constant density does not double when the depth is doubled. It is the gage 
pressure that doubles when the depth is doubled. 


1-46C If the lengths of the sides of the tiny cube suspended in water by a string are very small, the magnitudes of the 
pressures on all sides of the cube will be the same. 


1-47C Pascal’s principle states that the pressure applied to a confined fluid increases the pressure throughout by the same 
amount. This is a consequence of the pressure in a fluid remaining constant in the horizontal direction. An example of 
Pascal’s principle is the operation of the hydraulic carjack. 


1-48E The pressure given in psia unit is to be converted to kPa. 
Analysis Using the psia to kPa units conversion factor, 


P = (150 psia) 


r 6.895 kPa 2 


lpsia 


-1034 kPa 


1-49 The pressure in a tank is given. The tank's pressure in various units are to be determined. 
Analysis Using appropriate conversion factors, we obtain 


(a) 

(*) 



f 


P - (1500kPa) 


v 


lkN/m 2 " 
1 kPa 


-1500 kN/m 2 


P = (1500 kPa) 


lkN/m 

lkPa 


1000kg-m/s 


2 ^ 


/V 


lkN 


1,500,000 kg/m s 2 


P - (1500kPa) 


"lkN/m 2 " 

1000 kg- m/s 2 

f 1000 m^j 

l lkPa J 

lkN 

v y 

v 1 km y 


1,500,000,000 kg/km s 2 
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1-50E The pressure in a tank in SI unit is given. The tank's pressure in various English units are to be determined. 
Analysis Using appropriate conversion factors, we obtain 


(«) 


P = (1500 kPa) 


r 20.886 lbf/ft 2 '' 
lkPa 


31,330 lbf/ft 


1-15 


(b) 


P = (1500 kPa) 


"20.886 lbf/ft 2 ' 

1ft 2 

f 1 psia 

l lkPa J 

v 1 44 in 2 y 

V 1 lbf/in 2 J 


= 217.6 psia 


1-51E The pressure given in mm Hg unit is to be converted to psia. 
Analysis Using the mm Hg to kPa and kPa to psia units conversion factors, 


P = (1500 mm Hg) 


0.1333 kPa^ 

f lpsia ^ 

1 mm Hg , 

1 6.895 kPa J 


= 29.0 psia 


1-52 The pressure given in mm Hg unit is to be converted to kPa. 
Analysis Using the mm Hg to kPa units conversion factor, 


P = (1250 mm Hg) 


r 0.1333 kPa A 
1 mm Hg 


= 166.6 kPa 
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1-53 The pressure in a pressurized water tank is measured by a multi-fluid manometer. The gage pressure of air in the tank 
is to be determined. 


Assumptions The air pressure in the tank is uniform (i.e., its variation with elevation is negligible due to its low density), 
and thus we can determine the pressure at the air-water interface. 

Properties The densities of mercury, water, and oil are given to be 13,600, 1000, and 850 kg/m 3 , respectively. 


Analysis Starting with the pressure at point 1 at the air-water interface, and moving along the tube by adding (as we go 
down) or subtracting (as we go up) th e pgh terms until we reach point 2, and setting the result equal to P d tm since the tube 

is open to the atmosphere gives 


P water Poi\S^2 P mercury 3 ^ 'atm 

Solving for Pj 

P\ ~ ^atm ~ P water ~ Poi\S^2 P mercury 

or, 

^1 — ^atm — &( /^mercury ^3 — Pwater^l — Poi\^2 > ) 

Noting that P x gage = P x - P atm and substituting, 

P lgage = (9.8 1 m/s 2 )[( 13,600 kg/m 3 )(0.46 m) - (1000 kg/m 3 )(0.2 m) 

-(850 kg/m 3 )(0.3m)] 

= 56.9 kPa 


IN 

f 1 kPa ^ 

J kg- m/s 2 , 

UOOON/m 2 J 



Discussion Note that jumping horizontally from one tube to the next and realizing that pressure remains the same in the 
same fluid simplifies the analysis greatly. 


1-54 The barometric reading at a location is given in height of mercury column. The atmospheric pressure is to be 
determined. 

Properties The density of mercury is given to be 13,600 kg/m 3 . 

Analysis The atmospheric pressure is determined directly from 


•Patm = Pg h 


= (13,600 kg/m 3 )(9.81 m/s 2 )(0.750 m) 


= 100.1 kPa 


IN 

f 1 kPa ^ 

J kg- m/s 2 , 

llOOON/m 2 J 
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1-55 The gage pressure in a liquid at a certain depth is given. The gage pressure in the same liquid at a different depth is to 
be determined. 

Assumptions The variation of the density of the liquid with depth is negligible. 

Analysis The gage pressure at two different depths of a liquid can be expressed as 

P\ = pgh\ and P 2 = P8 h 2 

Taking their ratio, 

P 2 _ P8 h 2 _ >h 
P\ Pgh\ \ 

Solving for P 2 and substituting gives 

P 2 J^P X = —(42 kPa) = 126 kPa 
h x 3 m 

Discussion Note that the gage pressure in a given fluid is proportional to depth. 



2 


1-56 The absolute pressure in water at a specified depth is given. The local atmospheric pressure and the absolute pressure 
at the same depth in a different liquid are to be determined. 

Assumptions The liquid and water are incompressible. 

Properties The specific gravity of the fluid is given to be SG = 0.85. We take the density of water to be 1000 kg/nr. Then 
density of the liquid is obtained by multiplying its specific gravity by the density of water, 

p = SG x p H ^ 0 = (0.85)(1000 kg/m 3 ) = 850 kg/m 3 


Analysis (a) Knowing the absolute pressure, the atmospheric pressure can be 
determined from — 



= P-pgh 

= (145 kPa) -(1000 kg/m 3 )(9. 8 1 m/s 2 )(5 m) 

= 96.0 kPa 


1 kPa 

1000 N/m 2 




P 


atm 


h 

_jr_ 

P 


(b) The absolute pressure at a depth of 5 m in the other liquid is 


P = P , atm +P8 h 

= (96.0 kPa) + (850 kg/m 3 

= 137.7 kPa 


)(9.81 m/s 2 )(5 m) 


1 kPa 
1000 N/m 


A 


Discussion Note that at a given depth, the pressure in the lighter fluid is lower, as expected. 
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1-57E It is to be shown that 1 kgf/cm 2 = 14.223 psi . 

Analysis Noting that 1 kgf = 9.80665 N, 1 N = 0.22481 lbf, and 1 in = 2.54 cm, we have 


1 kgf - 9.80665 N = (9.80665 N ) 


r 0.22481 lbf A 
1 N 


= 2.20463 lbf 


and 


1 kgf/cm 2 = 2.20463 lbf/cm 2 = (2.20463 lbf/cm 2 ) 


^2.54 cm v 
lin 


= 14.223 lbf/in 2 =1 4.223 psi 


1-58E The pressure in chamber 3 of the two-piston cylinder shown in the figure is to be determined. 
Analysis The area upon which pressure 1 acts is 

A x =;r^- = 7r ^ in) = 7.069 in 2 
4 4 

and the area upon which pressure 2 acts is 

. D; (1.5 in) 2 2 

A ? — tt = n- = 1.767 in 

4 4 

The area upon which pressure 3 acts is given by 
A 3 = A, -A 2 = 7.069 - 1.767 = 5.302 in 2 
The force produced by pressure 1 on the piston is then 

r \ lbf/in 2 '' 


F x = P\A X =(150psia) 


(7.069 in ) = 1060 lbf 



lpsia 

V. / 

while that produced by pressure 2 is 

F x =P 2 A 2 =(250psia)(1.767 in 2 ) = 441.8 lbf 
According to the vertical force balance on the piston free body diagram 
F 3 =F x -F 2 =1060 -441.8 = 618.3 lbf 
Pressure 3 is then 

F, 618.3 lbf 


p 3 = 


A 5.302 in 


= 117 psia 
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1-59 The pressure in chamber 1 of the two-piston cylinder shown in the figure is to be determined. 
Analysis Summing the forces acting on the piston in the vertical direction gives 


1-19 


F 2 +F 3 =F l 

^ 2^2 + ^3 (^1 ~~ ^2 ) = ^ 1^1 


which when solved for P x gives 


P X =P 2 


A- 


A. 


+ A 


A- 


A 


i y 


9 

since the areas of the piston faces are given by A = kD / 4 the above equation 
becomes 


P X =P 2 


(d 2 ^ 

2 


f D 2 ^ 

2 


+p 3 

1- 



l A v 



l F>\ j 



= (2000 kPa) 

= 908 kPa 


M' 2 

vlOy 


+ (700 kPa) 


1- 


f 4 y 



1-60 The mass of a woman is given. The minimum imprint area per shoe needed to enable her to walk on the snow without 
sinking is to be determined. 


Assumptions 1 The weight of the person is distributed uniformly on the imprint area of the shoes. 2 One foot carries the 
entire weight of a person during walking, and the shoe is sized for walking conditions (rather than standing). 3 The weight 
of the shoes is negligible. 


Analysis The mass of the woman is given to be 70 kg. For a pressure of 0.5 
kPa on the snow, the imprint area of one shoe must be 


W mg 
P~ P 


(70kg)(9.81m/s 2 ) 

IN 

f 1 kPa 

0.5 kPa 

Jkg-m/sL 

llOOO N/m 2 J 


= 1.37 in 2 


Discussion This is a very large area for a shoe, and such shoes would be impractical 
to use. Therefore, some sinking of the snow should be allowed to have shoes of 
reasonable size. 
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1-61 The vacuum pressure reading of a tank is given. The absolute pressure in the tank is to be determined. 
Properties The density of mercury is given to be p = 13,590 kg/m 3 . 

Analysis The atmospheric (or barometric) pressure can be expressed as 

Atm = Pg h 

= (13,590 kg/m 3 )(9. 807 m/s 2 )(0.750 m)| 


Atm = 750 mmHg 


= 100.0 kPa 

Then the absolute pressure in the tank becomes 

^abs = Atm "^vae =100.0-30 = 70.0 kPa 


1 N ^ 

1 kPa 

A kg- m/s 2 , 

A 000 N/m 2 y 



30 kPa 


1-62E The vacuum pressure given in kPa unit is to be converted to various units. 
Analysis Using the definition of vacuum pressure, 

-Pga g e = not applicable for pressures below atmospheric pressure 
Abs = Atm - Aac = 98 - 80 = 1 8 kPa 


Then using the conversion factors, 


Abs =(18 kPa) 


Abs -(18 kPa) 


Abs -(18 kPa) 


Abs =(18kPa) 


lkN/m 
1 kPa 

1 lbf/in 


2 


18kN/m 


2 \ 


6.895 kPa J 

1 psi N 
6.895 kPa , 

1 mmHg 
0.1333 kPa 


= 2.61 lbf/in 


2.61 psi 


= 135 mmHg 
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1-63 A mountain hiker records the barometric reading before and after a hiking trip. The vertical distance climbed is to be 
determined. 


Assumptions The variation of air density and the gravitational 
acceleration with altitude is negligible. 

Properties The density of air is given to be p = 1.20 kg/m 3 . 

Analysis Taking an air column between the top and the bottom of the 
mountain and writing a force balance per unit base area, we obtain 

w / a - p - p 

vv air / yi i b ottom 1 top 
(Pgh) air — -^bottom ^top 


630 mbar 



(1.20 kg/m 3 )(9.81 m/s 2 )(/?) 


1 N 

1 bar 

J kg- m/s 2 , 

v 1 00,000 N/m 2 y 


(0.740-0.630) bar 


It yields 

h = 934 m 

which is also the distance climbed. 


1-64 A barometer is used to measure the height of a building by recording reading at the bottom and at the top of the 
building. The height of the building is to be determined. 


Assumptions The variation of air density with altitude is negligible. 

Properties The density of air is given to be p = 1.18 kg/m 3 . The density of mercury is 
13,600 kg/m 3 . 

Analysis Atmospheric pressures at the top and at the bottom of the building are 

^top top 

= (13,600 kg/m 3 )(9.81 m/s 2 X0.675 m)| 

= 90.06 kPa 


f IN ' 

f 1 kPa 

v l kg • m/s 2 j 

(lOOO N/m 2 y 


^bottom bottom 


= (13,600 kg/m 3 )(9.8 1 m/s 2 )(0.695 m) 
= 92.72 kPa 


IN 


lkg • m/s 


1 kPa 


1000 N/m 


675 nimHg 


h 


695 mmHg 


Taking an air column between the top and the bottom of the building and writing a force balance per unit base area, we 
obtain 


(1.18 kg/m 3 )(9.81 m/s 2 )(/z) 


IN 


1 kg • m/s 


yv 


Wqxx / A 

(Pgh) ai 

1 kPa 
1000 N/m : 


air 

\ 


P - P 

bottom top 

P - P 

bottom top 

(92.72-90.06) kPa 


It yields 

h = 231 m 

which is also the height of the building. 
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1-65 



Problem 1-64 is reconsidered. The entire EES solution is to be printed out, including the numerical results with 


proper units. 

Analysis The problem is solved using EES, and the solution is given below. 


P_bottom=695 [mmHg] 

P_top=675 [mmHg] 

g=9.81 [m/s A 2] "local acceleration of gravity at sea level" 
rho=1.18 [kg/m A 3] 

DELTAP_abs=(P_bottom-P_top)*CONVERT(mmHg, kPa) "[kPa]" "Delta P reading from the barometers, 
converted from mmHg to kPa." 

DELTAP_h =rho*g*h*Convert(Pa, kPa) "Delta P due to the air fluid column height, h, between the top and 
bottom of the building." 

DELTAP_abs=DELTAP_h 

SOLUTION 

DELT AP_abs=2 .666 [kPa] 

DELTAP_h=2.666 [kPa] 
g=9.81 [m/s A 2] 
h=230.3 [m] 

P_bottom=695 [mmHg] 

P_top=675 [mmHg] 
rho=1.18 [kg/m A 3] 


1-66 A man is standing in water vertically while being completely submerged. The difference between the pressures acting 
on the head and on the toes is to be determined. 


Assumptions Water is an incompressible substance, and thus the density does not 
change with depth. 

Properties We take the density of water to be p =1000 kg/m 3 . 

Analysis The pressures at the head and toes of the person can be expressed as 

T^head — ^atm PS^ head aild ^toe ~ ^atm PS^ toe 

where h is the vertical distance of the location in water from the free 
surface. The pressure difference between the toes and the head is 
determined by subtracting the first relation above from the second, 

T^toe — ^head — PS^ toe ~ PS^ head — PS toe — ^head) 



Substituting, 

P loe - ^haad = (1000 kg/m 3 )(9.81 m/s 2 X1.75 m - 0) 


IN 

lkPa 

^lkg • m/s 2 

^1000N/m 2 J 


17.2 kPa 


Discussion This problem can also be solved by noting that the atmospheric pressure (1 atm = 101.325 kPa) is equivalent to 
10.3-m of water height, and finding the pressure that corresponds to a water height of 1.75 m. 
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1-67 A gas contained in a vertical piston-cylinder device is pressurized by a spring and by the weight of the piston. The 
pressure of the gas is to be determined. 


Analysis Drawing the free body diagram of the piston and balancing the 
vertical forces yield 


PA - ^atm A + w + F spring 


Thus. 


P= P + 

1 ''atm ^ 


mg + F< 


spring 


= (95 kPa) + 

= 147 kPa 


A 

(3.2 kg)(9.81 m/s 2 ) + 150 N f 1 kPa 
35 x l(T 4 m 2 1000 N/m : 


F, 


spring 



f W = mg 


1-68 



Problem 1-67 is reconsidered. The effect of the spring force in the range of 0 to 500 N on the pressure inside 


the cylinder is to be investigated. The pressure against the spring force is to be plotted, and results are to be discussed. 


Analysis The problem is solved using EES, and the solution is given below. 


g=9.81 [m/s A 2] 

P_atm= 95 [kPa] 
m_piston=3.2 [kg] 

{F_spring=1 50 [N]} 

A=35*CONVERT(cm A 2, m A 2) 

W_piston=m_piston*g 
F_atm=P_atm*A*CONVERT(kPa, N/m A 2) 

"From the free body diagram of the piston, the balancing vertical forces yield:" 
F_gas= F_atm+F_spring+W_piston 
P_gas=F_gas/A*CONVERT(N/m A 2, kPa) 


F 

± spring 

[N] ' 

p 

A gas 

[kPa] 

0 

104 

50 

118.3 

100 

132.5 

150 

146.8 

200 

161.1 

250 

175.4 

300 

189.7 

350 

204 

400 

218.3 

450 

232.5 

500 

246.8 



^spring 
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1-69 Both a gage and a manometer are attached to a gas to measure its pressure. For a specified reading of gage 
pressure, the difference between the fluid levels of the two arms of the manometer is to be determined for mercury 
and water. 

Properties The densities of water and mercury are given to be 
P water = 1000 kg/m 3 and be p Hg = 13,600 kg/m 3 . 

Analysis The gage pressure is related to the vertical distance h between the 
two fluid levels by 


P gage = Pg h 




Pg 


(a) For mercury, 


h = 


R 


gage 


PHgg 


80 kPa 


(13,600 kg/m 3 )(9.81 m/s 2 ) 


lkN/m 
1 kPa 


2 A 


A 


1000 kg/m-s 
lkN 


2 ^ 


P g = 80 kPa 



( b ) For water, 
h = 


^gage 80 kPa 

"lkN/m 2 " 

1000 kg/m-s 2 

Pn 2 Qg (1000 kg/m 3 )(9.81 m/s 2 ) 

l lkPa J 

lkN 

v y 


= 8.16 m 
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1-70 Problem 1-69 is reconsidered. The effect of the manometer fluid density in the range of 800 to 13,000 kg/m 3 on 

the differential fluid height of the manometer is to be investigated. Differential fluid height against the density is to be 
plotted, and the results are to be discussed. 


Analysis The problem is solved using EES, and the solution is given below. 


"Let's modify this problem to also calculate the absolute pressure in the tank by supplying the atmospheric 
pressure. 

Use the relationship between the pressure gage reading and the manometer fluid column height. " 

Function fluid_density(Fluid$) 

"This function is needed since if-then-else logic can only be used in functions or procedures. 

The underscore displays whatever follows as subscripts in the Formatted Equations Window." 

If fluid$='Mercury' then fluid_density=1 3600 else fluid_density=1 000 
end 

{Input from the diagram window. If the diagram window is hidden, then all of the input must come from the 
equations window. Also note that brackets can also denote comments - but these comments do not appear in 
the formatted equations window.} 

{Fluid$='Mercury' 

P_atm = 101.325 [kPa] 

DELTAP=80 [kPa] "Note how DELTAP is displayed on the Formatted Equations Window."} 
g=9.807 [m/s A 2] "local acceleration of gravity at sea level" 

rho=Fluid_density(Fluid$) "Get the fluid density, either Hg or H20, from the function" 

"To plot fluid height against density place {} around the above equation. Then set up the parametric table and 
solve." 

DELTAP = RHO*g*h/1 000 

"Instead of dividiing by 1 000 Pa/kPa we could have multiplied by the EES function, CONVERT(Pa,kPa)" 
h_mm=h*convert(m, mm) "The fluid height in mm is found using the built-in CONVERT function." 

P_abs= P_atm + DELTAP 

"To make the graph, hide the diagram window and remove the {}brackets from Fluid$ and from P_atm. Select 
New Parametric Table from the Tables menu. Choose P_abs, DELTAP and h to be in the table. Choose Alter 
Values from the Tables menu. Set values of h to range from 0 to 1 in steps of 0.2. Choose Solve Table (or 
press F3) from the Calculate menu. Choose New Plot Window from the Plot menu. Choose to plot P_abs vs h 
and then choose Overlay Plot from the Plot menu and plot DELTAP on the same scale." 


p 

[kg/m 3 ] 

hmm 

[mm] 

800 

10197 

2156 

3784 

3511 

2323 

4867 

1676 

6222 

1311 

7578 

1076 

8933 

913.1 

10289 

792.8 

11644 

700.5 

13000 

627.5 


Manometer Fluid Height vs Manometer Fluid Density 
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1-71 The air pressure in a tank is measured by an oil manometer. For a given oil-level difference between the two columns, 
the absolute pressure in the tank is to be determined. 


Properties The density of oil is given to be p = 850 kg/m 3 . 
Analysis The absolute pressure in the tank is determined from 

P = K tin + PS h 

= (98 kPa) + (850 kg/m 3 )(9.81m/s 2 )(0.36 m)| 

= 101.0 kPa 


lkPa 

1000 N/m 2 j 



1-72 The air pressure in a duct is measured by a mercury manometer. For a given 
mercury-level difference between the two columns, the absolute pressure in the 
duct is to be determined. 

Properties The density of mercury is given to be p = 13,600 kg/m 3 . 

Analysis {a) The pressure in the duct is above atmospheric pressure since the 
fluid column on the duct side is at a lower level. 


(b) The absolute pressure in the duct is determined from 


P = 


Atm +P8 h 

(100 kPa) + (13,600 kg/m 3 )(9.81 m/s 2 )(0.015 m) 

102 kPa 


1 N 

1 kPa 

J kg- m/s 2 , 

J000 N/m 2 , 



1-73 The air pressure in a duct is measured by a mercury manometer. For a given 
mercury-level difference between the two columns, the absolute pressure in the duct is 
to be determined. 

Properties The density of mercury is given to be p = 13,600 kg/m 3 . 

Analysis (a) The pressure in the duct is above atmospheric pressure since the fluid 
column on the duct side is at a lower level. 


( b ) The absolute pressure in the duct is determined from 
P = Atm +Pgh 

= (100 kPa) + (13,600 kg/m 3 )(9.81 m/s 2 )(0.045 m) 

= 106 kPa 


1 N 

1 kg • m/s 


V 


vv 


1 kPa 
1000 N/m 


t 

AIR 

P 
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1-74E The systolic and diastolic pressures of a healthy person are given in mmHg. These pressures are to be expressed in 
kPa, psi, and meter water column. 

Assumptions Both mercury and water are incompressible substances. 

Properties We take the densities of water and mercury to be 1000 kg/m 3 and 13,600 kg/m 3 , respectively. 

Analysis Using the relation P - pgh for gage pressure, the high and low pressures are expressed as 


p hi g h = P8 h high = (13,600 kg/m 3 )(9.81 m/s 2 )(0.12 m) 


=pgh low - (13,600 kg/m 3 )(9.81 m/s 2 )(0.08 m) 


IN 


lkg • m/s' 


lkPa 


yv 


1000N/m‘ 


f 1N 1 

lkPa 

v lkg • m/s 2 y 

v 1000N/m 2 y 


= 16.0 kPa 


= 10.7 kPa 


Noting that 1 psi = 6.895 kPa, 


P hlgh =(16.0Pa) 


1 psi 


6.895kPa 


= 2.32 psi and P { = (10.7 Pa) 


1 psi 

6.895 kPa 


= 1.55 psi 


For a given pressure, the relation P - pgh can be expressed for mercury and water 
as P = /O water gft water and P = p meKury gh mercury . Setting these two relations equal to 
each other and solving for water height gives 


A 


P P water Sh water P mercury <§^mercury ^ ^ water 


P 


mercury 
P water 


h 


mercury 


Therefore, 
h 


P 


mercury 


13,600 kg/nr 

water, high — n mercury, high — T 

P water 1000 kg/m 3 




h 


P 


mercury 


13,600 kg/m- 

water, low — n mercury, low — , -> 

P water 1000 kg/m 3 




(0.12 m) = 1.63 m 


(0.08 m) = 1.09 m 



Discussion Note that measuring blood pressure with a “water” monometer would involve differential fluid heights higher 
than the person, and thus it is impractical. This problem shows why mercury is a suitable fluid for blood pressure 
measurement devices. 
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1-75 A vertical tube open to the atmosphere is connected to the vein in the arm of a person. The height that the blood will 
rise in the tube is to be determined. 


Assumptions 1 The density of blood is constant. 2 The gage pressure of blood is 120 mmHg. 


Properties The density of blood is given to be p = 1050 kg/m 3 . 


Analysis For a given gage pressure, the relation P = pgh can be expressed 
for mercury and blood as P = p blood g/* bloo d and p P mercury mercury • 
Setting these two relations equal to each other we get 


P P blood blood P mercury 


mercury 


Solving for blood height and substituting gives 


h 


blood 


/^mercury 
P blood 


h 


mercury 


13,600 kg/m 3 
1050 kg/m 3 


(0.12 m) = 1.55 m 



Discussion Note that the blood can rise about one and a half meters in a tube connected to the vein. This explains why IV 
tubes must be placed high to force a fluid into the vein of a patient. 


1-76 A diver is moving at a specified depth from the water surface. The pressure exerted on the surface of the diver by 
water is to be determined. 


Assumptions The variation of the density of water with depth is negligible. 

Properties The specific gravity of seawater is given to be SG = 1.03. We take the density of water to be 1000 kg/m 3 . 


Analysis The density of the seawater is obtained by multiplying 
its specific gravity by the density of water which is taken to be 
1000 kg/m 3 : 

p = SG x p Hi0 = (1.03)(1000 kg/m 3 ) = 1030 kg/m 3 


The pressure exerted on a diver at 30 m below the free surface 
of the sea is the absolute pressure at that location: 


P = 


P ztm + PS h 

(101 kPa) + (1030 kg/m 3 )(9. 807 m/s 2 )(30 m) 

404 kPa 


1 kPa 
1000 N/m 


\ 


2 


P 


atm 


h 


Sea 


P 
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1-77 Water is poured into the U-tube from one arm and oil from the other arm. The water column height in one arm and the 
ratio of the heights of the two fluids in the other arm are given. The height of each fluid in that arm is to be determined. 


Assumptions Both water and oil are incompressible substances. 

Properties The density of oil is given to be p =790 kg/m 3 . We take 
the density of water to be p =1000 kg/m . 

Analysis The height of water column in the left arm of the monometer 
is given to be h w \ = 0.70 m. We let the height of water and oil in the 
right arm to be /z w2 and h a , respectively. Then, h a = 4 /z w2 . Noting that 
both arms are open to the atmosphere, the pressure at the bottom of 
the U-tube can be expressed as 

^bottom — ^atm PwS^wl ^bottom — ^atm PwS^wl PaS^a 



Setting them equal to each other and simplifying, 

Pwghw\ = Pwghw2 + P&gK Pw^wl = Pw^w2 + Pa^a ^wl = ^w2 + (Pa / Pw)^a 


Noting that h a = 4 /z w2 , the water and oil column heights in the second arm are determined to be 
0.7 m = h w2 + (790/1000) 4h w2 -> /z w2 =0.168m 

0.7 m = 0.168m + (790/1000)^ -> h a = 0.673m 

Discussion Note that the fluid height in the arm that contains oil is higher. This is expected since oil is lighter than water. 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



1-30 


1-78 Fresh and seawater flowing in parallel horizontal pipelines are connected to each other by a double U-tube manometer. 
The pressure difference between the two pipelines is to be determined. 


Assumptions 1 All the liquids are incompressible. 2 The effect 
of air column on pressure is negligible. 

Properties The densities of seawater and mercury are given to 
be p SQa = 1035 kg/m 3 and p^ g = 13,600 kg/m 3 . We take the 
density of water to be p w =1000 kg/m . 

Analysis Starting with the pressure in the fresh water pipe 
(point 1) and moving along the tube by adding (as we go 
down) or subtracting (as we go up) the pgh terms until we 

reach the sea water pipe (point 2), and setting the result equal 
to P 2 gives 

^1 PwS^w — PllgS^Hg ~ PairS^air PseaS^sea ~ ^2 
Rearranging and neglecting the effect of air column on pressure, 
~ ^2 ~ ~Pw PligS^Hg ~ PseaS^sea ~ S^Plig^Hg ~ Pw^w 



Substituting, 

/> -p 2 = (9.81m/s 2 )[(13600kg/m 3 )(0.1m) 

- (1000 kg/m 3 )(0.6 m) - (1035 kg/m 3 )(0.4 m)]f — 

1, 1000 kg- m/s 2 

= 3.39kN/m 2 =3.39kPa 


Therefore, the pressure in the fresh water pipe is 3.39 kPa higher than the pressure in the sea water pipe. 

Discussion A 0.70-m high air column with a density of 1.2 kg/nr corresponds to a pressure difference of 0.008 kPa. 
Therefore, its effect on the pressure difference between the two pipes is negligible. 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 






1-31 


1-79 Fresh and seawater flowing in parallel horizontal pipelines are connected to each other by a double U-tube manometer. 
The pressure difference between the two pipelines is to be determined. 


Assumptions All the liquids are incompressible. 

Properties The densities of seawater and mercury are given to 
be /? sea = 1035 kg/m 3 and p>n g = 13,600 kg/m 3 . We take the 
density of water to be p w =1000 kg/m 3 . The specific gravity of 
oil is given to be 0.72, and thus its density is 720 kg/m . 

Analysis Starting with the pressure in the fresh water pipe 
(point 1) and moving along the tube by adding (as we go 
down) or subtracting (as we go up) the pgh terms until we 

reach the sea water pipe (point 2), and setting the result equal 
to P 2 gives 

PwS^w ~ PKgS^Hg ~ Poil&^oil + P sea sea — ^2 

Rearranging, 

^2 — Pw PllgS^Hg + Poil&^oil PseaS^sea 

~ SiPHg^Hg + Poil^oil ~ Pw ~ /?sea ^sea ) 



Mercury 


Substituting, 


/> -p 2 = (9.81 m/s 2 )[(13600kg/m 3 )(0.1m) + (720 kg/m 3 )(0.7m) -(1000 kg/m 3 )(0.6m) 


-(1035 kg/m 3 )(0.4m)] 


lkN 


1000 kg- m/s 


= 8.34 kN/m 2 =8.34kPa 

Therefore, the pressure in the fresh water pipe is 8.34 kPa higher than the pressure in the sea water pipe. 


1-80 The pressure indicated by a manometer is to be determined. 


Properties The specific weights of fluid A and fluid B are 

3 3 " 

given to be 10 kN/nr and 8 kN/m , respectively. 

Analysis The absolute pressure P\ is determined from 


P \ = ^atm + iPSh) A + (Pgh)n 
= ^atm +rA h A+r B h B 


= (758 mm Hg) 


0.1333 kPa 
1 mm Hg 


\ 

/ 


+ (10 kN/m 3 )(0.05 m) + (8 kN/m 3 )(0. 1 5 m) 

= 102.7 kPa 


Note that 1 kPa = 1 kN/m 2 . 


ATMOSPHERIC 

PRESSURE 
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1-81 The pressure indicated by a manometer is to be determined. 


Properties The specific weights of fluid A and fluid B 

3 3 * 

are given to be 100 kN/m and 8 kN/m , respectively. 
Analysis The absolute pressure P\ is determined from 

A = Atm + (Pgh) A + (Pgh) B 
= Atm +rA h A+/B h B 

= 90 kPa + (100 kN/m 3 )(0.05 m) + (8 kN/m 3 )(0.15 m) 

= 96.2 kPa 

Note that 1 kPa = 1 kN/m 2 . 


ATMOSPHERIC 

PRESSURE 



1-82 The pressure indicated by a manometer is to be determined. 


Properties The specific weights of fluid A and fluid B are 

3 3 * 

given to be 10 kN/nr and 12 kN/m", respectively. 


Analysis The absolute pressure P\ is determined from 


A 


= Atm + (figh) A + iflgf’) B 
= Atm + / A h A + Y B h B 


= (720 mm Hg) 


0.1333 kPa 
1 mm Hg 


\ 

/ 


+ (10 kN/m 3 )(0.05 m) + ( 1 2 kN/m 3 )(0. 1 5 m) 

= 98.3 kPa 


Note that 1 kPa = 1 kN/m 2 . 


ATMOSPHERIC 

PRESSURE 
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1-83 The gage pressure of air in a pressurized water tank is measured simultaneously by both a pressure gage and a 
manometer. The differential height h of the mercury column is to be determined. 

Assumptions The air pressure in the tank is uniform (i.e., its variation with elevation is negligible due to its low density), 
and thus the pressure at the air-water interface is the same as the indicated gage pressure. 

Properties We take the density of water to be /? H ,=1000 kg/m 3 . The specific gravities of oil and mercury are given to be 0.72 
and 13.6, respectively. 


Analysis Starting with the pressure of air in the tank (point 1), and moving along the tube by adding (as we go down) or 
subtracting (as we go u p) the pgh terms until we reach the free surface of oil where the oil tube is exposed to the 

atmosphere, and setting the result equal to P atm gives 


P l Pw PHgS^Rg PoilS^oil P 'atm 

Rearranging 

P \ -^atm =Poil^oil +/ :> Hg^Hg ~ Pwg h 

or, 


w 


p 

l,gage 

Pw § 


= SG 0 Aii+SG H g/>H g ~K 


Substituting, 



80 kPa 

1000 kg- m/s 2 

v (1000kg/m 3 )(9.81m/s 2 ). 

v lkPa.-m 2 y 


= 0.72x(0.75m) + 13.6x/z Hu -0.3 m 


Oil 

SG = 0.72 


Mercury 
SG = 13.6 


Solving for /z Hg gives /z Hg = 0.582 m. Therefore, the differential height of the mercury column must be 58.2 cm. 

Discussion Double instrumentation like this allows one to verify the measurement of one of the instruments by the 
measurement of another instrument. 
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1-84 The gage pressure of air in a pressurized water tank is measured simultaneously by both a pressure gage and a 
manometer. The differential height h of the mercury column is to be determined. 

Assumptions The air pressure in the tank is uniform (i.e., its variation with elevation is negligible due to its low density), 
and thus the pressure at the air-water interface is the same as the indicated gage pressure. 

Properties We take the density of water to be p w =1000 kg/m . The specific gravities of oil and mercury are given to be 
0.72 and 13.6, respectively. 


Analysis Starting with the pressure of air in the tank (point 1), and moving along the tube by adding (as we go down) or 
subtracting (as we go up) the pgh terms until we reach the free surface of oil where the oil tube is exposed to the 

atmosphere, and setting the result equal to P atm gives 


atm 


P\ + PwSK - PHgg h Hg ~ Poil8 h oil = P l 
Rearranging 

~ ^atm — Po\\S^o[\ PwgS^Wg ~ Pv/S^ 


w 


or, 


P 

Igage 


- SGoil^oil +SG Hg^Hg 


Substituting, 


40 kPa 

1000 kg- m/s 2 

_( 1000 kg/m 3 )(9.81 m/s 2 )_ 

v lkPa.-m 2 y 


= 0.72 x (0.75 m) + 13.6 x/z Hg 



Solving for /z Hg gives /z Hg = 0.282 m. Therefore, the differential height of the mercury column must be 28.2 cm. 


Discussion Double instrumentation like this allows one to verify the measurement of one of the instruments by the 
measurement of another instrument. 


1-85 The top part of a water tank is divided into two compartments, and a fluid with an unknown density is poured into one 
side. The levels of the water and the liquid are measured. The density of the fluid is to be determined. 


Assumptions 1 Both water and the added liquid are incompressible substances. 
2 The added liquid does not mix with water. 

Properties We take the density of water to be p =1000 kg/m . 

Analysis Both fluids are open to the atmosphere. Noting that the pressure 
of both water and the added fluid is the same at the contact surface, the 
pressure at this surface can be expressed as 

^contact — ^atm + Pi ~ ^atm Pw S^w 
Simplifying and solving for p f gives 

Pfghf =Pwgh w -» P f = 7 —P w = 77 “ (1 000 kg/m 3 ) = 846 kg/ m 3 

h f 65 cm 



Discussion Note that the added fluid is 


lighter than water as expected (a heavier fluid would sink in water). 
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1-86 The fluid levels in a multi-fluid U-tube manometer change as a result of a pressure drop in the trapped air space. For a 
given pressure drop and brine level change, the area ratio is to be determined. 

Assumptions 1 All the liquids are incompressible. 2 
Pressure in the brine pipe remains constant. 3 The 
variation of pressure in the trapped air space is 
negligible. 

Properties The specific gravities are given to be 13.56 
for mercury and 1.1 for brine. We take the standard 
density of water to be /? H ,=1000 kg/nr. 

Analysis It is clear from the problem statement and the 
figure that the brine pressure is much higher than the air 
pressure, and when the air pressure drops by 0.7 kPa, the 
pressure difference between the brine and the air space 
increases also by the same amount. 

Starting with the air pressure (point A) and moving 
along the tube by adding (as we go down) or subtracting 
(as we go up) the pgh terms until we reach the brine 

pipe (point B), and setting the result equal to P B before 
and after the pressure change of air give 

Before: P AX + p w gh w + p Hg gh HgX - p br gh btX = P B 

After P A2 + p w gh w + p Hg gh H&2 - p br gh br2 = P B 

Subtracting, 

Pa 2 - ^AX + /^Hg&A^Hg ~ Pbrg^h br = 0 -» - SG Hg Ah Rg “ ^br^br = ^ (0 

P\v& 

where A h u „ and A h br are the changes in the differential mercury and brine column heights, respectively, due to the drop in 

air pressure. Both of these are positive quantities since as the mercury-brine interface drops, the differential fluid heights for 
both mercury and brine increase. Noting also that the volume of mercury is constant, we have A { Ah Hg left = A 2 A/z Hg , right 

and 


Area 



P A 2 - P AX = -0.7 kPa = -700 N/m 2 = -700 kg/m • s 2 
A h bl . = 0.005 m 


A/z Hg - A/z Hg right + A/z Hg left - A h br + Ah br A 2 /A l - A h br (1 + A 2 /A x ) 


Substituting, 


700 kg/m -s 2 

(1000 kg/m 3 )(9.81 m/s 2 ) 


[13.56 x 0.005(1 + A 2 !A x ) - (1. 1 x 0.005)] m 


It gives 


A 2 /A\ — 0.134 
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1-87 A multi-fluid container is connected to a U-tube. For the given specific gravities and fluid column heights, the gage 
pressure at A and the height of a mercury column that would create the same pressure at A are to be determined. 

Assumptions 1 All the liquids are incompressible. 2 The multi- 
fluid container is open to the atmosphere. 

Properties The specific gravities are given to be 1.26 for glycerin 
and 0.90 for oil. We take the standard density of water to be p w 
= 1000 kg/m , and the specific gravity of mercury to be 13.6. 

Analysis Starting with the atmospheric pressure on the top surface 
of the container and moving along the tube by adding (as we go 
down) or subtracting (as we go up) the pgh terms until we reach 
point A, and setting the result equal to P A give 

^atm + Poi\ 01 \ + /? w &h w ~ Pgly&^giy — P A 

Rearranging and using the definition of specific gravity, 

Pa ~ ^atm — SG 0 ijP w ^oil — g\y P wS^g\y 

or 

^A,gage — gly^gly) 



Substituting, 


P A gag e = (9.8 1 m/s 2 )(1000 kg/m 3 )[0.90(0.70 m) + 1(0.3 m) - 1 .26(0.70 m)] 
= 0.471 kN/m 2 =0.471 kPa 


lkN 

1000 kg' m/s 


The equivalent mercury column height is 



P 

1 A,gage 

PwgS 


0.471 kN/m 2 

(13,600 kg/m 3 )(1000 kg/m 3 )(9.81 m/s 2 ) 


" 1000 kg- m/s 2 " 
lkN 


0.00353 m = 0.353 cm 


Discussion Note that the high density of mercury makes it a very suitable fluid for measuring high pressures in 
manometers. 
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1-88C Despite the convenience and capability the engineering software packages offer, they are still just tools, and they 
will not replace the traditional engineering courses. They will simply cause a shift in emphasis in the course material from 
mathematics to physics. They are of great value in engineering practice, however, as engineers today rely on software 
packages for solving large and complex problems in a short time, and perform optimization studies efficiently. 


1-89 



Determine a positive real root of the following equation using EES: 


2x 3 - 10x°' 5 - 3x = -3 


Solution by EES Software (Copy the following line and paste on a blank EES screen to verify solution): 
2*x A 3-10*x A 0.5-3*x = -3 
Answer, x = 2.063 (using an initial guess of x=2) 



1-90 Solve the following system of 2 equations with 2 unknowns using EES: 

x 3 - y 2 = 7.75 
3xy + y = 3.5 


Solution by EES Software (Copy the following lines and paste on a blank EES screen to verify solution): 
x A 3-y A 2=7.75 
3*x*y+y=3.5 

Answer x=2 y=0.5 


1-91 



Solve the following system of 3 equations with 3 unknowns using EES: 


2x - y + z = 7 
3x 2 + 2y = z + 3 
xy + 2z = 4 


Solution by EES Software (Copy the following lines and paste on a blank EES screen to verify solution): 
2*x-y+z=7 
3*x A 2+2*y=z+3 
x*y+2*z=4 

Answer x= 1.609, y=-0.9872, z=2.794 
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1-92 



Solve the following system of 3 equations with 3 unknowns using EES: 


x 2 y - z = 1 


x - 3y 0 5 + xz = - 2 
x + y - z = 2 

Solution by EES Software (Copy the following lines and paste on a blank EES screen to verify solution): 


x A 2*y-z=1 


x-3*y A 0.5+x*z=-2 


x+y-z=2 

Answer x=l, y=l, z=0 
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1-93E 



Specific heat of water is to be expressed at various units using unit conversion capability of EES. 


Analysis The problem is solved using EES, and the solution is given below. 


EQUATION WINDOW 
"GIVEN" 

C_p=4.18 [kJ/kg-C] 

"ANALYSIS" 

C_p_1 =C_p*Convert(kJ/kg-C, kJ/kg-K) 
C_p_2=C_p*Convert(kJ/kg-C, Btu/lbm-F) 
C_p_3=C_p*Convert(kJ/kg-C, Btu/lbm-R) 
C_p_4=C_p*Convert(kJ/kg-C, kCal/kg-C) 

FORMATTED EQUATIONS WINDOW 


GIVEN 


C p = 4.18 


ANALYSIS 

Cp,i = Cp 

Cp,2 = Cp 
C p,3 = Cp 


C p,4 - C| 


[kJ/kg-C] 

kJ/kg-K 
1 ' kJ/kg-C 

Btu/lbm-F 
kJ/kg-C 

Btu/lbm-R 
kJ/kg-C 

kCal/kg-C 
kJ/kg-C 


0.238846 ■ 
0.238846 ■ 
0.238846 ■ 


SOLUTION 

C_p=4.18 [kJ/kg-C] 
C_p_1=4.18 [kJ/kg-K] 
C_p_2=0.9984 [Btu/lbm-F] 
C_p_3=0.9984 [Btu/lbm-R] 
C_p_4=0.9984 [kCal/kg-C] 
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Review Problems 

1-94 The weight of a lunar exploration module on the moon is to be determined. 

Analysis Applying Newton's second law, the weight of the module on the moon can be determined from 
W =m° = g = ^800N_ 64m /s 2 ) = 469N 

vv moon rn S moon * moon ,9 0* U ^ A11/S ) 

& earth 9.8m/s Z 


1-95 The deflection of the spring of the two-piston cylinder with a spring shown in the figure is to be determined. 
Analysis Summing the forces acting on the piston in the vertical direction gives 


F s + F 2 +F 3 = F x 


kx + P 2 A 2 +P 2 (A x -A 2 ) = P l A l 

which when solved for the deflection of the spring and substituting 
A = 7iD 2 / 4 gives 

n 


x - 


4k 


71 


P\D\ - p 2 d 2 -p 3 (A 2 - A 2 ) 


4x800 L 
= 0.0172 m 

= 1.72 cm 


5000x0. 08 2 -10, 000x0. 03 2 -1000(0.08 2 -0.03 2 ) 



We expressed the spring constant k in kN/m, the pressures in kPa (i.e., kN/m ) and the diameters in m units. 


1-96 An airplane is flying over a city. The local atmospheric pressure in that city is to be determined. 
Assumptions The gravitational acceleration does not change with altitude. 

Properties The densities of air and mercury are given to be 1.15 kg/m and 13,600 kg/m . 

Analysis The local atmospheric pressure is determined from 


^atm ^plane + PS^ 


= 25 kPa + (1 . 1 5 kg/m 3 )(9.8 1 m/s 2 )(9000 m) 


lkN 


1000 kg- m/s 


= 126.5 kN/m 2 =127 kPa 


The atmospheric pressure may be expressed in mmHg as 


Atm _ 126.5 kPa 

f 1000 Pa 3 ) 

f 1000 mm 3 ) 

pg ( 1 3,600 kg/m 3 )(9. 81 m/s 2 ) 

t lkPa J 

1m J 


948 mmHg 
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1-97 The gravitational acceleration changes with altitude. Accounting for this variation, the weights of a body at different 
locations are to be determined. 

Analysis The weight of an 80-kg man at various locations is obtained by substituting the altitude z (values in m) into the 
relation 


W = mg = (80kg)(9.807 - 3.32 x 10“ 6 zm/s 2 ) 


IN 


lkg • m/s 


Sea level: 
Denver: 
Mt. Ev.: 


(z = 0 m): W = 80x(9. 807-3. 32x1 0" 6 x0) = 80x9.807 = 784.6 N 
(z = 1610 m): W = 80x(9.807-3.32xl0' 6 xl610) = 80x9.802 = 784.2 
(z = 8848 m): W = 80x(9.807-3.32xl0' 6 x8848) = 80x9.778 = 782.2 


N 

N 


1-98 A man is considering buying a 12-oz steak for $3.15, or a 300-g steak for $2.95. The steak that is a better buy is to be 
determined. 

Assumptions The steaks are of identical quality. 

Analysis To make a comparison possible, we need to express the cost of each steak on a common basis. Let us choose 1 kg 
as the basis for comparison. Using proper conversion factors, the unit cost of each steak is determined to be 


12 ounce steak : 


Unit Cost = 


f $3.15^| 

^16oz N 

f 1 lbm 1 

v 12 oz y 

V 1 lbm y 

[0.45359 kg J 


$9.26/kg 


300 gram steak : 



Unit Cost = 


f $2.95 

f 1000g^| 

(300 g J 

l lk g J 


= $9.83/kg 


Therefore, the steak at the traditional market is a better buy. 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


1-42 


1.99E The mass of a substance is given. Its weight is to be determined in various units. 

Analysis Applying Newton's second law, the weight is determined in various units to be 

/ , _ _ \ 


W = mg = (1 kg)(9.8 1 m/s 2 ) 


W = mg = (1 kg) (9.8 1 m/s 2 ) 


IN 


1 kg • m/s 
lkN 


1000 kg- m/s 


9.81 N 


= 0.00981 kN 


W - mg - (1 kg)(9.81 m/s 2 ) = 1 kg-m/s : 


W = mg = (1 kg) (9. 81 m/s 2 ) 


W = mg = ( 1 kg) 


W = mg - ( 1 kg) 


2.205 lbm 
1 kg 

2.205 lbm 
lkg 


IN 

( 1 kgf ^ 

V 1 kg- m/s 2 , 

[9.81N J 

A 

(32.2 ft/s 2 ) 

= 71 lbm 


= 1 kgf 


(32.2 ft/s 2 ) 


1 lbf 


32.2 lbm- ft/s 


2.21 lbf 


1-100E The efficiency of a refrigerator increases by 3% per °C rise in the minimum temperature. This increase is to be 
expressed per °F, K, and R rise in the minimum temperature. 

Analysis The magnitudes of 1 K and 1°C are identical, so are the magnitudes of 1 R and 1°F. Also, a change of 1 K or 1°C 
in temperature corresponds to a change of 1.8 R or 1.8°F. Therefore, the increase in efficiency is 

(a) 3% for each K rise in temperature, and 

(b) , (c) 3/1.8 = 1.67% for each R or °F rise in temperature. 


1-101E The boiling temperature of water decreases by 3°C for each 1000 m rise in altitude. This decrease in temperature is 
to be expressed in °F, K, and R. 

Analysis The magnitudes of 1 K and 1°C are identical, so are the magnitudes of 1 R and 1°F. Also, a change of 1 K or 1°C 
in temperature corresponds to a change of 1.8 R or 1.8°F. Therefore, the decrease in the boiling temperature is 

(a) 3 K for each 1000 m rise in altitude, and 

(b) , (c) 3x1.8 = 5.4°F = 5.4 R for each 1000 m rise in altitude. 
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1-102E Hyperthermia of 5°C is considered fatal. This fatal level temperature change of body temperature is to be expressed 
in °F, K, and R. 

Analysis The magnitudes of 1 K and 1°C are identical, so are the magnitudes of 1 R and 1°F. Also, a change of 1 K or 1°C 
in temperature corresponds to a change of 1.8 R or 1.8°F. Therefore, the fatal level of hypothermia is 

(a) 5 K 

(b) 5x1.8 = 9°F 

(c) 5x1.8 = 9 R 


1-103E A house is losing heat at a rate of 2700 kJ/h per °C temperature difference between the indoor and the outdoor 
temperatures. The rate of heat loss is to be expressed per °F, K, and R of temperature difference between the indoor and the 
outdoor temperatures. 

Analysis The magnitudes of 1 K and 1°C are identical, so are the magnitudes of 1 R and 1°F. Also, a change of 1 K or 1°C 
in temperature corresponds to a change of 1.8 R or 1.8°F. Therefore, the rate of heat loss from the house is 

(a) 2700 kJ/h per K difference in temperature, and 

(b) , (c) 2700/1.8 = 1500 kJ/h per R or °F rise in temperature. 


1-104 The average temperature of the atmosphere is expressed as T atm = 288. 15 - 6.5z where z is altitude in km. The 
temperature outside an airplane cruising at 12,000 m is to be determined. 

Analysis Using the relation given, the average temperature of the atmosphere at an altitude of 12,000 m is determined to be 
^atm = 288.15 - 6.5z 
= 288.15 - 6.5x12 


= 210.15 K = - 63°C 

Discussion This is the “average” temperature. The actual temperature at different times can be different. 
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1-105 A new “Smith” absolute temperature scale is proposed, and a value of 1000 S is assigned to the boiling point of 
water. The ice point on this scale, and its relation to the Kelvin scale are to be determined. 


Analysis All linear absolute temperature scales read zero at absolute zero pressure, and are 
constant multiples of each other. For example, T(R) =1.8 T(K). That is, multiplying a 
temperature value in K by 1.8 will give the same temperature in R. 

The proposed temperature scale is an acceptable absolute temperature scale since it 
differs from the other absolute temperature scales by a constant only. The boiling temperature 
of water in the Kelvin and the Smith scales are 315.15 K and 1000 K, respectively. Therefore, 
these two temperature scales are related to each other by 


T(S) 


1000 

373.15 


T(K) = 2.6799T(K) 


The ice point of water on the Smith scale is 

T(S) lce = 2.6799 r(K) ice = 2.6799x273.15 = 732.0 S 


K A S 


373.15 + 1000 


0 


1-106E An expression for the equivalent wind chill temperature is given in English units. It is to be converted to SI units. 

Analysis The required conversion relations are 1 mph = 1.609 km/h and T(° F) = 1.8r(°C) + 32. The first thought that comes 
to mind is to replace T(°F) in the equation by its equivalent 1.8r(°C) + 32, and V in mph by 1.609 km/h, which is the 
“regular” way of converting units. However, the equation we have is not a regular dimensionally homogeneous equation, 
and thus the regular rules do not apply. The V in the equation is a constant whose value is equal to the numerical value of 
the velocity in mph. Therefore, if V is given in km/h, we should divide it by 1.609 to convert it to the desired unit of mph. 
That is, 

T’equ.v (° F) = 91.4 - [91.4 - r ambient (» F)][0.475 - 0.0203(F / 1.609) + 0.304#/ 1.609 ] 
or 

T eq uiv (° F) = 9 1.4 - [9 1.4 - 7 amblent (° F)] [0.475 - 0.0 1 26F + 0.240#] 

where V is in km/h. Now the problem reduces to converting a temperature in °F to a temperature in °C, using the proper 
convection relation: 

l-87’ eq uiv( o C) + 32 = 91.4-[91.4-(1.87’ ambient ( o C) + 32)][0.475-0.0126F + 0.240#] 
which simplifies to 

F eqmv (°C) = 33.0- (33.0- r ambient )(0.475- 0.01 26F + 0.240-#) 
where the ambient air temperature is in °C. 
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1-107E ~ Cr “ Problem 1-106E is reconsidered. The equivalent wind-chill temperatures in °F as a function of wind velocity 
in the range of 4 mph to 40 mph for the ambient temperatures of 20, 40, and 60°F are to be plotted, and the results are to be 
discussed. 


Analysis The problem is solved using EES, and the solution is given below. 


T_ambient=20 

"V=20" 

T_equiv=91 .4-(91 .4-T_ambient)*(0.475 - 0.0203*V + 0.304*sqrt(V)) 


V 

[mph] 

T 

1 equiv 

[FI 

4 

59.94 

8 

54.59 

12 

51.07 

16 

48.5 

20 

46.54 

24 

45.02 

28 

43.82 

32 

42.88 

36 

42.16 

40 

41.61 


The table is for T ambient =60°F 



1-108 One section of the duct of an air-conditioning system is laid underwater. The upward force the water will exert on the 
duct is to be determined. 


Assumptions 1 The diameter given is the outer diameter of the duct (or, the thickness of the duct material is negligible). 2 
The weight of the duct and the air in is negligible. 

Properties The density of air is given to be p = 1.30 kg/m . We take the 
density of water to be 1000 kg/m 3 . 

Analysis Noting that the weight of the duct and the air in it is negligible, 
the net upward force acting on the duct is the buoyancy force exerted by 
water. The volume of the underground section of the duct is 

V = AL = (nD 2 / 4)L = [;r(0.15 m) 2 /4](20 m) = 0.353 m 3 



Then the buoyancy force becomes 


F b = pgV = (1000 kg/m 3 )(9.81 m/s 2 )(0.353 m 3 ) 


lkN 

1000 kg- m/s 


3.46 kN 


Discussion The upward force exerted by water on the duct is 3.46 kN, which is equivalent to the weight of a mass of 353 
kg. Therefore, this force must be treated seriously. 
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1-109 A helium balloon tied to the ground carries 2 people. The acceleration of the balloon when it is first released is to be 
determined. 

Assumptions The weight of the cage and the ropes of the balloon is negligible. 

Properties The density of air is given to be p = 1.16 kg/m 3 . The density of helium gas is l/7 th of this. 

Analysis The buoyancy force acting on the balloon is 




balloon 


= 47ir73 = 4 tt( 6 m)73 = 904.8 m 


F B PairS ^balloon 

= (1.16 kg/m 3 )(9. 8 lm/s 2 )(904. 8m 3 ) 


1 N 


1 kg- m/s 


= 10,296 N 


The total mass is 


m He ~ Pw?y ~ 


L16 kg/m 3 )(904.8 m 3 ) = 149.9 kg 


. 7 , 

'"total = '"He + '"people = 149.9 + 2x85 = 319.9 kg 

The total weight is 

^ = '”totaig = (319.9 kg)(9.81 m/s 2 ) 

^1 kg- m/s 

Thus the net force acting on the balloon is 

F net =F B -W = 10,296-3138 = 7157 N 
Then the acceleration becomes 


\ 


= 3138 N 


F, 


a = 


net 


7157 N 


™ total 319.9 kg 


lkg- m/s 
IN 


22.4 m/s 


HELIUM 
D =12 m 

/'He =7 Pm 



m= 170 kg 
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1-110 



Problem 1-109 is reconsidered. The effect of the number of people carried in the balloon on acceleration is to 


be investigated. Acceleration is to be plotted against the number of people, and the results are to be discussed. 
Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

D=1 2 [m] 

N_person=2 
m_person=85 [kg] 
rho_air=1 .16 [kg/m A 3] 
rho_He=rho_air/7 

"Analysis" 

g=9.81 [m/s A 2] 

V_ballon=pi*D A 3/6 

F_B=rho_air*g*V_ballon 

m_He=rho_He*V_ballon 

m_people=N_person*m_person 

m_total=m_He+m_people 

W=m_total*g 

F_net=F_B-W 

a=F net/m total 


N 

1 ^ person 

a 

[m/s 2 ] 

1 

34 

2 

22.36 

3 

15.61 

4 

11.2 

5 

8.096 

6 

5.79 

7 

4.01 

8 

2.595 

9 

1.443 

10 

0.4865 
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1-111 A balloon is filled with helium gas. The maximum amount of load the balloon can carry is to be determined. 

Assumptions The weight of the cage and the ropes of the balloon is negligible. 

Properties The density of air is given to be p = 1.16 kg/m 3 . The density of 
helium gas is l/7th of this. 

Analysis 

The buoyancy force acting on the balloon is 




balloon 


= 47tr 3 /3 = 47i(6m) 3 /3 = 904.8 m 


F B Pair § ^balloon 

= (1.16 kg/m 3 )(9.81m/s 2 )(904.8 m 3 ) 


The mass of helium is 


1 N 


1 kg- m/s 


= 10,296 N 


m He ~ PYlqV ~ 


116 i 

— — kg/m 3 (904.8 m 3 ) = 149.9 kg 
' 


In the limiting case, the net force acting on the balloon will be zero. That is, 
the buoyancy force and the weight will balance each other: 


m 


W = mg = F b 

F b 10,296 N 


total 


g 9.81 m/s 


= 1050 kg 


Thus, 


m 


people = ^ total “™He = 1050-149.9 = 900 kg 


HELILTM 
D= 12 m 

/'He =7/ , aif 



1-112 A 10-m high cylindrical container is filled with equal volumes of water and oil. The pressure difference between the 
top and the bottom of the container is to be determined. 


Properties The density of water is given to be p = 1000 kg/m . The 
specific gravity of oil is given to be 0.85. 

Analysis The density of the oil is obtained by multiplying its specific 
gravity by the density of water, 


Oil 

SG = 0.85 


p = SG x = (0.85)(1000 kg/m 3 ) = 850 kg/m 3 

Water 

The pressure difference between the top and the bottom of the 
cylinder is the sum of the pressure differences across the two fluids, 


A^total 


= AP oil 
= [(850 

= 90.7 


+ ^water = iPg h ) oil + (P8 h ) water 

kg/m 3 )(9.81 m/s 2 )(5 m) + (1000 kg/m 3 )(9.81 m/s 2 )(5 m) 

kPa 


1 kPa 

v 1 000 N/m 


\ 


2 

y 
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1-113 The pressure of a gas contained in a vertical piston-cylinder device is measured to be 180 kPa. The mass of the piston 
is to be determined. 


Assumptions There is no friction between the piston and the cylinder. 

Analysis Drawing the free body diagram of the piston and balancing the 
vertical forces yield 


W = PA-P atm A 


mg = (P~ P a m )A 

(m)(9.81 m/s 2 ) = (180-100 kPa)(25xl(T 4 m 2 


) 


V 


1000 kg/m-s 
lkPa 


2 A 


J 



It yields m = 20.4 kg 


1-114 The gage pressure in a pressure cooker is maintained constant at 100 kPa by a petcock. The mass of the petcock is to 
be determined. 


Assumptions There is no blockage of the pressure release valve. 

Analysis Atmospheric pressure is acting on all surfaces of the petcock, which 
balances itself out. Therefore, it can be disregarded in calculations if we use the 
gage pressure as the cooker pressure. A force balance on the petcock (LF y = 0) 
yields 


W = P A 

gage 

P gage A (100 kPa)(4xlCT 6 m 2 ) f 1000 kg/m-s 2 ^ 

m= = 

g 9.81 m/s 2 ^ lkPa J 

= 0.0408 kg 



1-115 A glass tube open to the atmosphere is attached to a water pipe, and the pressure at the bottom of the tube is 
measured. It is to be determined how high the water will rise in the tube. 


Properties The density of water is given to be p = 1 000 kg/m . 
Analysis The pressure at the bottom of the tube can be expressed as 

P ~ ^atm ^)tube 

Solving for /z. 


Pg 


(120-99) kPa 

1 kg- m/s 2 ^ 

"l000 N/m 2 " 

(1000 kg/m 3 )(9.81 m/s 2 ) 

IN 

v y 

1 kPa 

v y 


= 2.14 m 



Water 
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1-116 The air pressure in a duct is measured by an inclined manometer. For a given vertical level difference, the gage 
pressure in the duct and the length of the differential fluid column are to be determined. 


Assumptions The manometer fluid is an incompressible substance. 


Properties The density of the liquid is given to be p= 0.81 kg/L = 
810 kg/m 3 . 

Analysis The gage pressure in the duct is determined from 



= ^abs " P Mm = Pgh 
= (810 kg/m 3 )(9.81 m/s 2 )(0.12 m) 

= 954 Pa 


IN 

1 Pa 

\ kg- m/s 2 , 

J N/m 2 J 



The length of the differential fluid column is 

L - h / sin 6 = (12 cm) / sin 45° = 1 7.0 cm 

Discussion Note that the length of the differential fluid column is extended considerably by inclining the manometer arm 
for better readability. 


1-117E Equal volumes of water and oil are poured into a U-tube from different arms, and the oil side is pressurized until 
the contact surface of the two fluids moves to the bottom and the liquid levels in both arms become the same. The excess 
pressure applied on the oil side is to be determined. 


Assumptions 1 Both water and oil are incompressible substances. 2 Oil 
does not mix with water. 3 The cross-sectional area of the U-tube is 
constant. 

Properties The density of oil is given to be p 0 n = 49.3 lbm/ft 3 . We take 
the density of water to be p w = 62.4 lbm/ft 3 . 

Analysis Noting that the pressure of both the water and the oil is the 
same at the contact surface, the pressure at this surface can be expressed 
as 


^contact ^blow Pa.S^a ^atm + P w 


w 


Noting that h a = h w and rearranging, 



R 


gage,blow 


^blow -^atm (Pw P oil 

= (62.4 - 49.3 lbm/ft 3 )(32.2 ft/s 2 )(30/12 ft) 

= 0.227 psi 


' 1 lbf 

' 1 ft 2 " 

32.2 lbm-ft/s 2 

144 in 2 , 


Discussion When the person stops blowing, the oil will rise and some water will flow into the right arm. It can be shown 
that when the curvature effects of the tube are disregarded, the differential height of water will be 23.7 in to balance 30-in 
of oil. 
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1-118 It is given that an IV fluid and the blood pressures balance each other when the bottle is at a certain height, and a 
certain gage pressure at the arm level is needed for sufficient flow rate. The gage pressure of the blood and elevation of the 
bottle required to maintain flow at the desired rate are to be determined. 


Assumptions 1 The IV fluid is incompressible. 2 The IV bottle is 
open to the atmosphere. 

Properties The density of the IV fluid is given to be p = 1020 kg/m 3 . 

Analysis {a) Noting that the IV fluid and the blood pressures balance 
each other when the bottle is 0.8 m above the arm level, the gage 
pressure of the blood in the arm is simply equal to the gage pressure 
of the IV fluid at a depth of 0.8 m, 


^ ^abs ^atm arm-bottle 


gage, arm 


= (1020 kg/m 3 )(9.81 m/s 2 )(0.8 m) 

= 8.0 kPa 


1 kN 

1 kPa 

v 1000 kg- m/s 2 y 

J kN/m 2 y 



(b) To provide a gage pressure of 15 kPa at the arm level, the height of the bottle from the 
arm level is again determined from P gage?arm = pgh a rm -bottie t0 


h 


arm-bottle 


gage, arm 

Pg 


15 kPa 

1000 kg- m/s 2 ^ 

"l kN/m 2 ^ 

(1020 kg/m 3 )(9.81 m/s 2 ) 

1 kN 

v y 

1 kPa 

v y 


Discussion Note that the height of the reservoir can be used to control flow rates in gravity driven flows. When there is 
flow, the pressure drop in the tube due to friction should also be considered. This will result in raising the bottle a little 
higher to overcome pressure drop. 
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1-119E A water pipe is connected to a double-U manometer whose free arm is open to the atmosphere. The absolute 
pressure at the center of the pipe is to be determined. 


Assumptions 1 All the liquids are incompressible. 2 The solubility 
of the liquids in each other is negligible. 

Properties The specific gravities of mercury and oil are given to 
be 13.6 and 0.80, respectively. We take the density of water to be 
p w = 62.4 lbm/ft 3 . 

Analysis Starting with the pressure at the center of the water pipe, 
and moving along the tube by adding (as we go down) or 
subtracting (as we go up) the pgh terms until we reach the free 

surface of oil where the oil tube is exposed to the atmosphere, and 
setting the result equal to P atm gives 

^waterpipe — P water water Poi\S^oi\ ~ PugS^Hg ~ Po\\S^oi\ ~ ^ 'atm 

Solving forP water pipe, 



R 


water pipe 


F 'atm water water ^^oil^oil ^^Hg^Hg ^^oil^oil ) 


Substituting, 


P W aterpipe = 14.2psia + (62.41bm/ft 3 )(32.2 ft/s 2 )[(35/12 ft) - 0.8(60/12 ft) + 13.6(15/12 ft) 


+ 0.8(40/12 ft)] x 

= 22.3 psia 


r i ibf ) 

f ! ft 2 ) 

32.2 lbm-ft/s 2 , 

144 in 2 , 


Therefore, the absolute pressure in the water pipe is 22.3 psia. 

Discussion Note that jumping horizontally from one tube to the next and realizing that pressure remains the same in the 
same fluid simplifies the analysis greatly. 


5 256 

1-120 The average atmospheric pressure is given as P atm = 101.325(1 -0.02256z) ' where z is the altitude in km. The 
atmospheric pressures at various locations are to be determined. 

Analysis The atmospheric pressures at various locations are obtained by substituting the altitude z values in km into the 
relation 


P atm = 101.325(1 - 0.02256z) 5 - 256 


Atlanta: 
Denver: 
M. City: 
Mt. Ev.: 


(z = 0.306 km): P atm =101 
(z= 1.610 km): P atm = 101 
(z — 2.309 km):P atm = 101 
(z — 8.848 km): P atm =101 


.325(1 - 0.02256x0. 306) 5 ' 256 
.325(1 - 0. 02256x1. 610) 5 ' 256 
.325(1 - 0. 02256x2. 309) 5 ' 256 
.325(1 - 0.02256x8. 848) 5 ' 256 


97.7 kPa 

83.4 kPa 

76.5 kPa 
31.4 kPa 
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1-121 The temperature of the atmosphere varies with altitude z as T = Tq— j3z , while the gravitational acceleration varies 

by g(z) = g o /(I + z / 6,370,320) . Relations for the variation of pressure in atmosphere are to be obtained (a) by ignoring 
and ( b ) by considering the variation of g with altitude. 

Assumptions The air in the troposphere behaves as an ideal gas. 

Analysis {a) Pressure change across a differential fluid layer of thickness dz in the vertical z direction is 
dP = -pgdz 

P P 


From the ideal gas relation, the air density can be expressed as p- 


RT R(T (] -J3z) 


. Then, 


dP = 


P 


gdz 


R(T 0 -J3z) 

Separating variables and integrating from z = 0 where P = P 0 to z = z where P = P, 
' p dP r gdz 


c r dP _ r 

Jr P ~ Jo 


)p o P Jo R(T 0 - pz) 

Performing the integrations. 

P 0 RJ3 T 0 

Rearranging, the desired relation for atmospheric pressure for the case of constant g becomes 

8 


P = P 


1 


pz 




T, 


PR 


0 J 


(b) When the variation of g with altitude is considered, the procedure remains the same but the expressions become more 
complicated, 


dP - 


P 


go 


dz 


R(T 0 - J3z) (l + z/6,370,320) 2 
Separating variables and integrating from z = 0 where P = P 0 to z = z where P = P, 

go dz 


C p dP__r 
JPn P ~ JO 


’o R(T 0 - pz)(\ + z / 6,370,320) 
Performing the integrations, 

InP 


p _ go 

1 

1 , 1 + kz 

In 

p « Rp 

(\+kT () / P)(\ + kz) 

(1 + kTJP) 2 “ T 0 -Pz 


2 2 * * • • • 
where R = 287 J/kg-K = 287 m /s -K is the gas constant of air. After some manipulations, we obtain 


P = P {) exp 


go 


R(P + kT 0 ) 


1 


1 


In 


1 + kz 


1 + 1/ kz \ + kT 0 /p 1 -pz/T 0 ) 


where T 0 = 288. 15 K, P = 0.0065 K/m, g 0 = 9.807 m/s z , k = 1/6,370,320 m' 1 , and z is the elevation in m. 

Discussion When performing the integration in part (&), the following expression from integral tables is used, together with 
a transformation of variable x-Tq- Pz , 


i 


dx 


1 


x(a + bx) 2 a{a + bx) a 


1 , a + bx 

In 


x 


Also, for z = 1 1,000 m, for example, the relations in ( a ) and (b) give 22.62 and 22.69 kPa, respectively. 
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1-122 The variation of pressure with density in a thick gas layer is given. A relation is to be obtained for pressure as a 
function of elevation z. 

Assumptions The property relation P - Cp n is valid over the entire region considered. 

Analysis The pressure change across a differential fluid layer of thickness dz in the vertical z direction is given as, 
dP = -pgdz 

Also, the relation P = Cp n can be expressed as C = P / p n = P 0 / , and thus 

p= Po (p/p 0 ) lln 

Substituting, 

dP=-gp 0 (P/P 0 ) Vn dz 



Discussion The final result could be expressed in various forms. The form given is very convenient for calculations as it 
facilitates unit cancellations and reduces the chance of error. 
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1-123 A pressure transducers is used to measure pressure by generating analogue signals, and it is to be calibrated by 
measuring both the pressure and the electric current simultaneously for various settings, and the results are tabulated. A 
calibration curve in the form of P = al+ b is to be obtained, and the pressure corresponding to a signal of 10 mA is to be 
calculated. 

Assumptions Mercury is an incompressible liquid. 

Properties The specific gravity of mercury is given to be 13.56, and thus its density is 13,560 kg/m . 

Analysis For a given differential height, the pressure can be calculated from 
P = pg Ah 


For Ah = 28.0 mm = 0.0280 m, for example, 


P= 13.56(1000 kg/m 3 )(9.81 m/s 2 )(0.0280m) 


lkN 

f lkPa ^ 

v 1 000 kg • m/s 2 y 

llkN/m 2 J 


3.75 kPa 


Repeating the calculations and tabulating, we have 


Ah(mm) 

28.0 

181.5 

297.8 

413.1 

765.9 

1027 

1149 

1362 

1458 

1536 

P( kPa) 

3.73 

24.14 

39.61 

54.95 

101.9 

136.6 

152.8 

181.2 

193.9 

204.3 

/ (mA) 

4.21 

5.78 

6.97 

8.15 

11.76 

14.43 

15.68 

17.86 

18.84 

19.64 


A plot of P versus / is given below. It is clear that the pressure 
varies linearly with the current, and using EES, the best curve fit 
obtained to be 

P= 13.00/ - 5 1.00 (kPa) for 4.21 </< 19.64 . 

For 1 = 10 mA, for example, we would get 

P = 79.0 kPa 



4 6 8 10 12 14 16 18 20 

I, mA 


Multimeter 



Discussion Note that the calibration relation is valid in the specified range of currents or pressures. 
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1-124 The flow of air through a wind turbine is considered. Based on unit considerations, a proportionality relation is to be 
obtained for the mass flow rate of air through the blades. 

Assumptions Wind approaches the turbine blades with a uniform velocity. 

Analysis The mass flow rate depends on the air density, average wind velocity, and the cross-sectional area which depends 
on hose diameter. Also, the unit of mass flow rate m is kg/s. Therefore, the independent quantities should be arranged such 
that we end up with the proper unit. Putting the given information into perspective, we have 

m [kg/s] is a function of p [kg/m 3 ], D [m], and F[m/s} 

It is obvious that the only way to end up with the unit “kg/s” for mass flow rate is to multiply the quantities p and V with 
the square of D. Therefore, the desired proportionality relation is 

m is proportional to pD~V 


or, 

m = CpD 2 V 

where the constant of proportionality is C = tc /4 so that m — p(jlD / 4) V 

Discussion Note that the dimensionless constants of proportionality cannot be determined with this approach. 


1-125 A relation for the air drag exerted on a car is to be obtained in terms of on the drag coefficient, the air density, the 
car velocity, and the frontal area of the car. 

Analysis The drag force depends on a dimensionless drag coefficient, the air density, the car velocity, and the frontal area. 
Also, the unit of force F is newton N, which is equivalent to kg-m/s . Therefore, the independent quantities should be 
arranged such that we end up with the unit kg-m/s for the drag force. Putting the given information into perspective, we 
have 

F d [ kg-m/s 2 ] <-> C„ rag [],A front I nr |. p [ kg/m 3 1. and V \ m/s | 

It is obvious that the only way to end up with the unit “kg-m/s ” for drag force is to multiply mass with the square of the 
velocity and the fontal area, with the drag coefficient serving as the constant of proportionality. Therefore, the desired 
relation is 


F D ~ Q)rag Affront F 


2 


Discussion Note that this approach is not sensitive to dimensionless quantities, and thus a strong reasoning is required. 
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1-126 Consider a fish swimming 5 m below the free surface of water. The increase in the pressure exerted on the fish when 
it dives to a depth of 25 m below the free surface is 

(a) 196 Pa (b) 5400 Pa (c) 30,000 Pa (d) 196,000 Pa (e) 294,000 Pa 

Answer ( d) 196,000 Pa 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


rho=1000 "kg/m3" 
g=9.81 "m/s2" 
z1=5 "m" 
z2=25 "m" 

DELTAP=rho*g*(z2-z1) "Pa" 

"Some Wrong Solutions with Common Mistakes:" 

W1 _P=rho*g*(z2-z1 )/1 000 "dividing by 1 000" 
W2_P=rho*g*(z1 +z2) "adding depts instead of subtracting" 
W3_P=rho*(z1 +z2) "not using g" 

W4_P=rho*g*(0+z2) "ignoring zl" 


1-127 The atmospheric pressures at the top and the bottom of a building are read by a barometer to be 96.0 and 98.0 kPa. If 
the density of air is 1.0 kg/m 3 , the height of the building is 

(a) 17 m (b) 20 m (c) 170 m (d) 204 m (e) 252 m 

Answer (d) 204 m 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


rho=1 .0 "kg/m3" 
g=9.81 "m/s2" 

PI =96 "kPa" 

P2=98 "kPa" 

DELTAP=P2-P1 "kPa" 
DELTAP=rho*g*h/1 000 "kPa" 


"Some Wrong Solutions with Common Mistakes:" 


DELTAP=rho*W1_h/1 000 
DELTAP=g*W2_h/1 000 
P2=rho*g*W3_h/1 000 
PI =rho*g*W4_h/1 000 


'not using g" 
'not using rho" 
"ignoring PI" 
"ignoring P2" 
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1-128 An apple loses 4.5 kJ of heat as it cools per °C drop in its temperature. The amount of heat loss from the apple 
per °F drop in its temperature is 

(a) 1 .25 kJ (b) 2.50 kJ (c) 5.0 kJ (d) 8.1 kJ (e)4.1kJ 

Answer (b) 2.50 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Q_perC=4.5 "kJ" 

Q_perF=Q_perC/1 .8 "kJ" 

"Some Wrong Solutions with Common Mistakes:" 
W1_Q=Q_perC*1 .8 "multiplying instead of dividing" 
W2_Q=Q_perC "setting them equal to each other" 


1-129 Consider a 2-m deep swimming pool. The pressure difference between the top and bottom of the pool is 
(a) 12.0 kPa (b)19.6kPa (c)38.1kPa (d)50.8kPa (e) 200 kPa 

Answer (b) 19.6 kPa 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


rho=1000 "kg/m A 3" 
g=9.81 "m/s2" 
z1=0 "m" 
z2=2 "m" 

DELTAP=rho*g*(z2-z1 )/1 000 "kPa" 

"Some Wrong Solutions with Common Mistakes:" 
W1 _P=rho*(z1 +z2)/1 000 "not using g" 
W2_P=rho*g*(z2-z1 )/2000 "taking half of z" 
W3_P=rho*g*(z2-z1 ) "not dividing by 1000" 
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1-130 At sea level, the weight of 1 kg mass in SI units is 9.81 N. The weight of 1 lbm mass in English units is 
(a) 1 lbf (b) 9.81 lbf (c) 32.2 lbf (d) 0.1 lbf (e) 0.031 lbf 

Answer (a) 1 lbf 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


m=1 "lbm" 
g=32.2 "ft/s2" 

W=m*g/32.2 "lbf" 

"Some Wrong Solutions with Common Mistakes:" 
gSI=9.81 "m/s2" 

W1_W= m*gSI "Using wrong conversion" 

W2_W= m*g "Using wrong conversion" 

W3_W= m/gSI "Using wrong conversion" 

W4_W= m/g "Using wrong conversion" 


1-131 During a heating process, the temperature of an object rises by 10°C. This temperature rise is equivalent to a 
temperature rise of 

(a) 10°F (b) 42°F (c) 18 K (d) 18 R (e) 283 K 

Answer (d) 18 R 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T_inC=10 "C" 

T_inR=T_inC*1 .8 "R" 

"Some Wrong Solutions with Common Mistakes:" 
W1_TinF=T_inC "F, setting C and F equal to each other" 
W2_TinF=T_inC*1.8+32 "F, converting to F " 

W3_TinK=1 ,8*T_inC "K, wrong conversion from C to K" 
W4_TinK=T_inC+273 "K, converting to K" 


1-132, 1-133 Design and Essay Problems 
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Forms of Energy 


2-2 


2- 1C The macroscopic forms of energy are those a system possesses as a whole with respect to some outside reference 
frame. The microscopic forms of energy, on the other hand, are those related to the molecular structure of a system and the 
degree of the molecular activity, and are independent of outside reference frames. 


2-2C The sum of all forms of the energy a system possesses is called total energy. In the absence of magnetic, electrical 
and surface tension effects, the total energy of a system consists of the kinetic, potential, and internal energies. 


2-3C Thermal energy is the sensible and latent forms of internal energy, and it is referred to as heat in daily life. 


2-4C The mechanical energy is the form of energy that can be converted to mechanical work completely and directly by a 
mechanical device such as a propeller. It differs from thermal energy in that thermal energy cannot be converted to work 
directly and completely. The forms of mechanical energy of a fluid stream are kinetic, potential, and flow energies. 


2-5C Hydrogen is also a fuel, since it can be burned, but it is not an energy source since there are no hydrogen reserves in 
the world. Hydrogen can be obtained from water by using another energy source, such as solar or nuclear energy, and then 
the hydrogen obtained can used as a fuel to power cars or generators. Therefore, it is more proper to view hydrogen is an 
energy carrier than an energy source. 


2-6E The total kinetic energy of an object is given is to be determined. 
Analysis The total kinetic energy of the object is given by 


V z 

KE = m = (151bm) 

2 


(100 ft/s) 


1 Btu/lbm 
25,037 ft 2 /s 2 


= 3.00 Btu 


2-7 The total kinetic energy of an object is given is to be determined. 
Analysis The total kinetic energy of the object is given by 


KE = m 



2 


= (100 kg) 


(20 m/s) 2 
2 


' 1 kJ/kg 2 

v 1000m 2 /s 2 y 


= 20.0 kJ 
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2-8E The specific potential energy of an object is to be determined. 

Analysis In the English unit system, the specific potential energy in Btu is given by 

1 Btu/lbm 


pe = gz = (32. 1 ft/s )(1 00 ft) 


25.037 ft 2 /s 2 


= 0.128 Btu/lbm 


2-9E The total potential energy of an object is to be determined. 

Analysis Substituting the given data into the potential energy expression gives 

1 Btu/lbm 


PE = mgz = (200 lbm)(32.2 ft/s" )(10 ft) 


25.037 ft 2 Is 2 


= 2.57 Btu 


2-10 The total potential energy of an object that is below a reference level is to be determined. 
Analysis Substituting the given data into the potential energy expression gives 


PE = mgz = (20 kg)(9.5 m/s 2 


)(— 20 m ) 


lkJ/kg 


A 


2,2 


1000 m"/s 


= -3.8 kJ 


2-11 A person with his suitcase goes up to the 10 th floor in an elevator. The part of the energy of the elevator stored in the 
suitcase is to be determined. 

Assumptions 1 The vibrational effects in the elevator are negligible. 

Analysis The energy stored in the suitcase is stored in the form of potential energy, which is mgz . Therefore, 


A£ sultcase = A PE = mgAz = (30 kg)(9.81 m/s 2 )(35 m) 


1 kJ/kg 


1000 m 2 /s 2 


10.3kJ 


Therefore, the suitcase on 10 th floor has 10.3 kJ more energy compared to an identical suitcase on the lobby level. 

Discussion Noting that 1 kWh = 3600 kJ, the energy transferred to the suitcase is 10.3/3600 = 0.0029 kWh, which is very 
small. 
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2-12 A hydraulic turbine-generator is to generate electricity from the water of a large reservoir. The power generation 
potential is to be determined. 


Assumptions 1 The elevation of the reservoir remains constant. _ 

2 The mechanical energy of water at the turbine exit is — 

negligible. — — 

Analysis The total mechanical energy water in a reservoir — 160 m 

possesses is equivalent to the potential energy of water at the 

free surface, and it can be converted to work entirely. 

Therefore, the power potential of water is its potential energy, 
which is gz per unit mass, and mgz for a given mass flow rate. — 


^mech = pe = gz = (9.8 1 m/s “ )(160 m) 


lkJ/kg 


A 


2,2 


1000 m z /s 


1.574 kJ/kg 



Then the power generation potential becomes 


Wmax =£ mech = '» e mech =(3500 kg/s)( 1.574 kJ/kg) 


lkW 

lkJ/s 


5509 kW 


Therefore, the reservoir has the potential to generate 1766 kW of power. 

Discussion This problem can also be solved by considering a point at the turbine inlet, and using flow energy instead of 
potential energy. It would give the same result since the flow energy at the turbine inlet is equal to the potential energy at 
the free surface of the reservoir. 


2-13 Wind is blowing steadily at a certain velocity. The mechanical energy of air per unit mass and the power generation 
potential are to be determined. 


Assumptions The wind is blowing steadily at a constant 
uniform velocity. 

Properties The density of air is given to be p = 1.25 kg/m . 


Analysis Kinetic energy is the only form of mechanical 
energy the wind possesses, and it can be converted to work 
entirely. Therefore, the power potential of the wind is its 

r\ * ' r\ 

kinetic energy, which is V 12 per unit mass, and mV / 2 for 
a given mass flow rate: 


e 


mech 



(10 m/s) 2 
2 


' 1 kJ/kg N 

vl000 m 2 /s 2 y 


0.050 kJ/kg 



zrD ~ tt( 60 mV 

m = pVA = pV = (1.25 kg/m 3 )(10 m/s) - v ; 


4 


4 


35,340 kg/s 


W max =£ me ch ='^mech =(35,340 kg/s)(0.050 kJ/kg) = 1770 kW 

Therefore, 1770 kW of actual power can be generated by this wind turbine at the stated conditions. 

Discussion The power generation of a wind turbine is proportional to the cube of the wind velocity, and thus the power 
generation will change strongly with the wind conditions. 
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2-14 A water jet strikes the buckets located on the perimeter of a wheel at a specified velocity and flow rate. The power 
generation potential of this system is to be determined. 


Assumptions Water jet flows steadily at the specified speed and flow rate. 


Analysis Kinetic energy is the only form of harvestable mechanical 
energy the water jet possesses, and it can be converted to work entirely. 
Therefore, the power potential of the water jet is its kinetic energy, 


• • 2 • *2 • 
which is V /2 per unit mass, and mV / 2 for a given mass flow rate: 


^mech ^ 


V 2 (60 m/s)' 


2 2 
^max — ^mech — ^^mech 

= (1 20 kg/s)( 1 . 8 kJ/kg) 


1 kJ/kg 


1000 m 2 /s 2 


= 1.8 kJ/kg 


lkW 

lkJ/s 


216kW 


Therefore, 216 kW of power can be generated by this water jet at the 
stated conditions. 



Nozzle 


Discussion An actual hydroelectric turbine (such as the Pelton wheel) can convert over 90% of this potential to actual 
electric power. 
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2-15 Two sites with specified wind data are being considered for wind power generation. The site better suited for wind 
power generation is to be determined. 

Assumptions IThe wind is blowing steadily at specified velocity during specified times. 2 The wind power generation is 
negligible during other times. 

# t o 

Properties We take the density of air to be p = 1.25 kg/m (it ^ / \ 

does not affect the final answer). / \ Wind 

turbine 


Analysis Kinetic energy is the only form of mechanical energy 
the wind possesses, and it can be converted to work entirely. 
Therefore, the power potential of the wind is its kinetic energy, 

which is V / 2 per unit mass, and mV / 2 for a given mass flow 
rate. Considering a unit flow area (A = 1 m ), the maximum wind 
power and power generation becomes 


Wind 


V, m/s 


^mech, 1 ke l 


Vf (7 m/s) 2 f lkJ/kg ^ AAA , C1T „ 

= — — = 0.0245 kJ/kg 

2 2 1 1000 m 2 /s 2 ) 


^mech, 2 ~ ke 2 ~ 


y 2 2 (10 m/s) 2 


1 kJ/kg 
1000 m 2 /s 2 


= 0.050 kJ/kg 


^max,i =^mech,i =^i^mech,i = pV^ke, = (1.25 kg/m 3 )(7 m/s)(l m 2 X0.0245 kJ/kg) = 0.2144 kW 

^max,2 =^mech,2 =™2 e mech,2 = P V 2 Ake 2 = (1.25 kg/m 3 )(10 m/s)(l m 2 )(0.050 kJ/kg) = 0.625 kW 
since 1 kW = 1 kJ/s. Then the maximum electric power generations per year become 

£max,i = (0.2144 kW)(3000 h/yr) = 643 kWh/yr (perm 2 flow area) 


£max ,2 =lV m a X , 2 Af 2 = (0.625 kW)(2000 h/yr) = 1 250 kWh/yr (perm 2 flow area) 


Therefore, second site is a better one for wind generation. 

Discussion Note the power generation of a wind turbine is proportional to the cube of the wind velocity, and thus the 
average wind velocity is the primary consideration in wind power generation decisions. 
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2-16 A river flowing steadily at a specified flow rate is considered for hydroelectric power generation by collecting the 
water in a dam. For a specified water height, the power generation potential is to be determined. 

Assumptions 1 The elevation given is the elevation of the free surface of the river. 2 The mechanical energy of water at the 
turbine exit is negligible. 

Properties We take the density of water to be p = 1000 kg/m . 

Analysis The total mechanical energy the water in a dam possesses 
is equivalent to the potential energy of water at the free surface of 
the dam (relative to free surface of discharge water), and it can be 
converted to work entirely. Therefore, the power potential of water 
is its potential energy, which is gz per unit mass, and mgz for a 

given mass flow rate. 

e mech =pe = gz = (9.81 m/s 2 )(80 m)f lkJ/k f , ) = 0.7848 kJ/kg 

VlOOO m /s 

The mass flow rate is 

m = pO = (1000 kg/m 3 )( 1 75 m 3 /s) = 175,000 kg/s 
Then the power generation potential becomes 

( 1 MW 

W m ax = Emech = ^mech = (175,000 kg/s)(0.7848 kJ/kg) = 1 37 MW 

ylOOO kJ/s 

Therefore, 137 MW of power can be generated from this river if its power potential can be recovered completely. 
Discussion Note that the power output of an actual turbine will be less than 137 MW because of losses and inefficiencies. 
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2-17 A river is flowing at a specified velocity, flow rate, and elevation. The total mechanical energy of the river water per 
unit mass, and the power generation potential of the entire river are to be determined. 

Assumptions 1 The elevation given is the elevation of the free surface of the river. 2 The velocity given is the average 
velocity. 3 The mechanical energy of water at the turbine exit is negligible. 


• • 3 

Properties We take the density of water to be p = 1000 kg/m . 

Analysis Noting that the sum of the flow energy and the 
potential energy is constant for a given fluid body, we can 
take the elevation of the entire river water to be the elevation 
of the free surface, and ignore the flow energy. Then the total 
mechanical energy of the river water per unit mass becomes 


e mech - pe + ke = gh + — = (9.81 m/s )(90 m) + 

2 


(3 m/s)' 




The power generation potential of the river water is obtained by multiplying the total mechanical energy by the mass flow 
rate, 

m = pO = (1000 kg/m 3 )(500 m 3 /s) = 500,000 kg/s 


W max = £ mec h = ^mech = (500,000 kg/s)(0.887 kJ/kg) = 444,000 kW = 444 MW 

Therefore, 444 MW of power can be generated from this river as it discharges into the lake if its power potential can be 
recovered completely. 

Discussion Note that the kinetic energy of water is negligible compared to the potential energy, and it can be ignored in the 
analysis. Also, the power output of an actual turbine will be less than 444 MW because of losses and inefficiencies. 
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Energy Transfer by Heat and Work 
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2-18C Energy can cross the boundaries of a closed system in two forms: heat and work. 


2-19C The form of energy that crosses the boundary of a closed system because of a temperature difference is heat; all 
other forms are work. 


2-20C An adiabatic process is a process during which there is no heat transfer. A system that does not exchange any heat 
with its surroundings is an adiabatic system. 


2-21C Point functions depend on the state only whereas the path functions depend on the path followed during a process. 
Properties of substances are point functions, heat and work are path functions. 


2-22C ( a ) The car's radiator transfers heat from the hot engine cooling fluid to the cooler air. No work interaction occurs in 
the radiator. 

(b) The hot engine transfers heat to cooling fluid and ambient air while delivering work to the transmission. 

(c) The warm tires transfer heat to the cooler air and to some degree to the cooler road while no work is produced. 
No work is produced since there is no motion of the forces acting at the interface between the tire and road. 

(d) There is minor amount of heat transfer between the tires and road. Presuming that the tires are hotter than the 
road, the heat transfer is from the tires to the road. There is no work exchange associated with the road since it cannot 
move. 


(. e ) Heat is being added to the atmospheric air by the hotter components of the car. Work is being done on the air 
as it passes over and through the car. 


2-23C When the length of the spring is changed by applying a force to it, the interaction is a work interaction since it 
involves a force acting through a displacement. A heat interaction is required to change the temperature (and, hence, 
length) of the spring. 
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2-24C ( a ) From the perspective of the contents, heat must be removed in order to reduce and maintain the content's 
temperature. Heat is also being added to the contents from the room air since the room air is hotter than the contents. 

(b) Considering the system formed by the refrigerator box when the doors are closed, there are three interactions, 
electrical work and two heat transfers. There is a transfer of heat from the room air to the refrigerator through its walls. 
There is also a transfer of heat from the hot portions of the refrigerator (i.e., back of the compressor where condenser is 
placed) system to the room air. Finally, electrical work is being added to the refrigerator through the refrigeration system. 

(c) Heat is transferred through the walls of the room from the warm room air to the cold winter air. Electrical 
work is being done on the room through the electrical wiring leading into the room. 


2-25C ( a ) As one types on the keyboard, electrical signals are produced and transmitted to the processing unit. 
Simultaneously, the temperature of the electrical parts is increased slightly. The work done on the keys when they are 
depressed is work done on the system (i.e., keyboard). The flow of electrical current (with its voltage drop) does work on 
the keyboard. Since the temperature of the electrical parts of the keyboard is somewhat higher than that of the surrounding 
air, there is a transfer of heat from the keyboard to the surrounding air. 

(b) The monitor is powered by the electrical current supplied to it. This current (and voltage drop) is work done 
on the system (i.e., monitor). The temperatures of the electrical parts of the monitor are higher than that of the surrounding 
air. Hence there is a heat transfer to the surroundings. 

(c) The processing unit is like the monitor in that electrical work is done on it while it transfers heat to the 
surroundings. 

(d) The entire unit then has electrical work done on it, and mechanical work done on it to depress the keys. It also 
transfers heat from all its electrical parts to the surroundings. 


2-26 The power produced by an electrical motor is to be expressed in different units. 
Analysis Using appropriate conversion factors, we obtain 


(a) 


(b) 


W = (5 W) 


W = (5 W) 


lJ/s 

1W 


1 N • m 
1J 


\ 


r 1 J/s Y 1 N • m Y 1kg- m/s 


1W 


1J 


= 5 N m/s 

2 ^ 


IN 


2/«3 


5 kg m /s 


2-27E The power produced by a model aircraft engine is to be expressed in different units. 
Analysis Using appropriate conversion factors, we obtain 

7.38 Ibf ft/s 


(a) 

w =( io w): 

(b) 

W = (low j 


( 1 Btu/s 


f 778.169 Ibf • ft/s ^ 

V 1055.056 W J 

v 1 BtU/S y 

( 1 hp ' 

= 0.0134 hp 

1 745.7 W y 
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Mechanical Forms of Work 

2-28C The work done is the same, but the power is different. 


2-29 A car is accelerated from rest to 100 km/h. The work needed to achieve this is to be determined. 
Analysis The work needed to accelerate a body the change in kinetic energy of the body, 


W a =\m(Vi-Vf) = ^( 800 kg) 


% 00,000 m ^ 2 

3600 s 


-0 


lkJ 


1000 kg-m 2 /s 2 


= 309 kJ 


2-30E A construction crane lifting a concrete beam is considered. The amount of work is to be determined considering (a) 
the beam and (b) the crane as the system. 

Analysis ( a ) The work is done on the beam and it is determined from 


Vk = mgAz = (2 x 3000 lbm)(32.174 ft/s 2 ) 

= 144,000 Ibf ft 


1 lbf 


32.174 lbm- ft/s 


(24 ft) 


= (144,000 lbf • ft) 


1 Btu 


778.169 lbf -ft 


= 185 Btu 




24 ft 



(, b ) Since the crane must produce the same amount of work as is required 
to lift the beam, the work done by the crane is 

W= 144,000 Ibf ft = 185 Btu 


2-31E A man is pushing a cart with its contents up a ramp that is inclined at an angle of 10° from the horizontal. The work 
needed to move along this ramp is to be determined considering (a) the man and (b) the cart and its contents as the system. 


Analysis (a) Considering the man as the system, letting / be the displacement along the ramp, and letting 6 be the 
inclination angle of the ramp, 


W = FI sin 0 = (100 + 180 lbf )(1 00 ft)sin( 1 0) = 4862 I bf f t 


= (4862 lbf -ft) 


1 Btu 


778.169 lbf -ft 


= 6.248 Btu 


This is work that the man must do to raise the weight of the cart and contents, plus his own weight, a distance of /sin# 
( b ) Applying the same logic to the cart and its contents gives 


IT = FI sin 0 = (100 lbf )(100 ft)sin(10) = 1 736 Ibf • ft 


= (1736 lbf -ft) 


1 Btu 


778.169 lbf -ft 


= 2.231 Btu 
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2-32E The work required to compress a spring is to be determined. 

Analysis Since there is no preload, F = he. Substituting this into the work expression gives 

2 2 2 


W = J Fds = j* kxdx = xdx = — (x\ - x \ ) 


200 lbf/in 
2 


[d in) 


= (8.33 lbf - ft) 


2 - 0 2 


1 Btu 


k 
2 

lft x 


y 


F 


12in 


778.169 lbf -ft 


8.33 lbf ft 


0.0107 Btu 
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2-33E The work required to expand a soap bubble is to be determined. 
Analysis The surface tension work is determined from 


W = J (J s dA = a(A l - A 2 ) = (0.005 lbf/ft)4/r[(2 / 12 ft) 2 - (0.5/12 ft) 2 


= 0.00164 lbf ■ ft - (0.00164 lbf ■ ft) 


1 Btu 

778.2 lbf ■ ft 


= 2.11x10" 6 Btu 


2-34E The work required to stretch a steel rod in a specieid length is to be determined. 
Assumptions The Young’s modulus does not change as the rod is stretched. 

Analysis The original volume of the rod is 


k» = 


m D 2 7T{0.5 in) 2 3 

L- (12 in) = 2.356 in 


4 4 

The work required to stretch the rod 0. 125 in is 

. 2 2 


W = ^-(et-en 

(2.356 in 3 )(30,000 lbf/in 2 ) 


(0.125/ 12 in) 2 -0 2 


= 2.835 lbf • in = (2.835 lbf • in/ 1 BtU 


l 9338 lbf • in 


= 4.11x10" 4 Btu 
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2-35E The work required to compress a spring is to be determined. 

Analysis The force at any point during the deflection of the spring is given by F = F 0 + kx, where F 0 is the initial force and 
x is the deflection as measured from the point where the initial force occurred. From the perspective of the spring, this 
force acts in the direction opposite to that in which the spring is deflected. Then, 


z z 

W = J Fds = j* (F 0 -l- kx)dx 


= F 0 (x 2 -x x ) + ^-(xl -xf) 

Zj 


\ 


F 


= 200 lbf • in 
= (200 lbf • in) 


mini , 2001bf/in 

(l 2 -0 

Ujmj 1 

f 1Btu K 

' ift ^ 

1 778. 169 lbf -ft ){ 

12in y 



= 0.0214 Btu 


2-36 The work required to compress a spring is to be determined. 

Analysis Since there is no preload, F = kx. Substituting this into the work expression gives 

22 2 

w/v — ( v? — v3 ^ 

F 


W = j* Fds = j* kxdx = k j* xdx = — (x\ - x \ ) 

l 

[(0.03 m) 


300 kN/m 


\ ' 


2 -0 2 


2 

= 0.135 kN-m 


= (0.135 kN-m) 


lkJ 

1 kN-m 


-0.135 kJ 
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2-37 A ski lift is operating steadily at 10 km/h. The power required to operate and also to accelerate this ski lift from rest to 
the operating speed are to be determined. 


Assumptions 1 Air drag and friction are negligible. 2 The average mass of each loaded chair is 250 kg. 3 The mass of 
chairs is small relative to the mass of people, and thus the contribution of returning empty chairs to the motion is 
disregarded (this provides a safety factor). 

Analysis The lift is 1000 m long and the chairs are spaced 20 m apart. Thus at any given time there are 1000/20 = 50 chairs 
being lifted. Considering that the mass of each chair is 250 kg, the load of the lift at any given time is 

Load = (50 chairs)(250 kg/chair) = 12,500 kg 

Neglecting the work done on the system by the returning empty chairs, the work needed to raise this mass by 200 m is 



= mg(z 2 - Zj ) = (12,500 kg)(9.81 m/s 2 )(200 m) 


lkJ 


2/2 


1000 kg-m /s 


= 24,525 kJ 


At 10 km/h, it will take 


distance 

A t = 

velocity 


1km 

lOkm/h 


= 0.1 h = 360 s 


to do this work. Thus the power needed is 



W 

8 

At 


24,525 kJ 
360 s 


= 68.1 kW 


The velocity of the lift during steady operation, and the acceleration during start up are 


f 1 m/s 

V = (10 km/h) — 

V3.6 km/h 

AV 2.778 m/s -0 
a = = 


= 2.778 m/s 


= 0.556 m/s 


At 5 s 

During acceleration, the power needed is 

W„ =- 


= — m(V? — Vi)/ At = —(12,500 kg)((2.778 m/s) 2 -Oj lkJ/k f 
2 2 v \l000m 2 /s 


/(5 s) = 9.6 kW 


Assuming the power applied is constant, the acceleration will also be constant and the vertical distance traveled during 
acceleration will be 


h - —at 2 since = —at 2 m = —(0.556 m/s 2 )(5 s) 2 (0.2) = 1.39 m 
2 2 1000 m 2 


and 


w = mg(z 2 - Z\ )/ At = (12,500 kg)(9.81 m/s 2 )(1.39 m) 


' 1 kJ/kg N 

1000 kg-m 2 /s 2 


/(5 s) = 34.1 kW 


Thus, 


Wtotai = W a + W, = 9.6 + 34. 1 = 43.7 kW 
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2-38 A car is to climb a hill in 12 s. The power needed is to be determined for three different cases. 

Assumptions Air drag, friction, and rolling resistance are negligible. 

Analysis The total power required for each case is the sum of the rates 
of changes in potential and kinetic energies. That is, 

Wtotal =W a +W ) , 

(a) W a = 0 since the velocity is constant. Also, the vertical 
rise is h = (100 m)(sin 30°) = 50 m. Thus, 



w = mg (z 2 - z ) / At = (1 150 kg) (9. 81 m/s 2 )(50 m) 


lkJ 


1000 kg ■ m 2 /s 2 


/( 12 s) = 47.0 kW 


and ^tai = W a + W g = 0 + 47.0 = 47.0 kW 

( b ) The power needed to accelerate is 


W a =- m(Vi - V 2 ) / At = - ( 1 1 50 kg)[(30 m/s) 2 - 0 


lkJ 


1000 kg • m 2 /s 2 


/( 12 s) = 43.1 kW 


and 


w , =w +w = 47.0 + 43.1 = 90.1 kW 


total "a ' " g 

(c) The power needed to decelerate is 


W a =- m(V 2 2 - Vf ) / At = ^ ( 1 1 50 kg ) [(5 m/s) 2 - (35 m/s) 2 


lkJ 


1000 kg • m 2 /s 2 


/(12 s) = -57.5 kW 


and 


TT to tai = W a + W = -57.5 + 47.1 = -10.5 kW (breaking power) 


2-39 A damaged car is being towed by a truck. The extra power needed is to be determined for three different cases. 
Assumptions Air drag, friction, and rolling resistance are negligible. 

Analysis The total power required for each case is the sum of the rates of changes in potential and kinetic energies. That is, 


Wtota, =W fl +W ? 


(a) Zero. 

(b) W a = 0 . Thus, 


A z 


W total = W g = rng(z 2 -Z])/Ar = mg — = mgV z = mgV sin 30' 



= (1200 kg)(9.81m/s 2 ) 


50,000 m^ 

1 kJ/kg ' 

[ 3600 s J 

1000 m 2 /s 2 ^ 


(0.5) = 81 .7 kW 


(c) W= 0 . Thus, 


W.otai = = 2 m(V 2 - V? ) / At = i ( 1 200 kg) 


90,000 m 
3600 s 


2 ^ 

-0 


lkJ/kg 


y 


v 1000 m 2 /s 2 j 


/(12 s) =31 .3 kW 
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The First Law of Thermodynamics 
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2-40C No. This is the case for adiabatic systems only. 


2-41C Energy can be transferred to or from a control volume as heat, various forms of work, and by mass transport. 


2-42C Warmer. Because energy is added to the room air in the form of electrical work. 


2-43E The high rolling resistance tires of a car are replaced by low rolling resistance ones. For a specified unit fuel cost, the 
money saved by switching to low resistance tires is to be determined. 

Assumptions IThe low rolling resistance tires deliver 2 mpg over all velocities. 2 The car is driven 15,000 miles per year. 

Analysis The annual amount of fuel consumed by this car on high- and low-rolling resistance tires are 

. Miles driven per year 15,000 miles/year ^ 

Annual Fuel Consumption Hi h = = = 428.6 gal/year 

& Miles per gallon 35 miles/gal 

. Miles driven per year 15,000 miles/year . 

Annual Fuel Consumption — — — 405.4 gal/year 

Miles per gallon 37 miles/gal 

Then the fuel and money saved per year become 

Fuel Savings = Annual Fuel Consumption High - Annual Fuel Consumption Low 
= 428.6 gal/year - 405.4 gal/year = 23.2 gal/year 

Cost savings = (Fuel savings)(Unit cost of fuel) = (23.2 gal/year)($2. 20/gal) = $51 .0/year 

Discussion A typical tire lasts about 3 years, and thus the low rolling resistance tires have the potential to save about $150 
to the car owner over the life of the tires, which is comparable to the installation cost of the tires. 


2-44 The specific energy change of a system which is accelerated is to be determined. 

Analysis Since the only property that changes for this system is the velocity, only the kinetic energy will change. The 
change in the specific energy is 


Ake 



(30 m/s) 2 -(Om/s) 2 
2 


' 1 kJ/kg ' 

v 1000m 2 /s 2 j 


0.45 kJ/kg 
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2-45 The specific energy change of a system which is raised is to be determined. 

Analysis Since the only property that changes for this system is the elevation, only the potential energy will change. The 
change in the specific energy is then 


Ape = g(z 2 ~Z\) = (9.8 m/s 2 


)(100-0)m 


lkJ/kg 


2/2 


1000 m z /s 


0.98 kJ/kg 


2-46E A water pump increases water pressure. The power input is to be determined. 
Analysis The power input is determined from 

50 psia * 


W = V(P 2 -P X ) 

= (1.2ft 3 /s)(50-10)psia 

= 12.6 hp 


1 Btu 


5.404 psia - ft 


1 hp 


0.7068 Btu/s 



The water temperature at the inlet does not have any significant effect on the required power. 


Water 
10 psia 


2-47 A classroom is to be air-conditioned using window air-conditioning units. The cooling load is due to people, lights, 
and heat transfer through the walls and the windows. The number of 5-kW window air conditioning units required is to be 
determined. 

Assumptions There are no heat dissipating equipment (such as computers, TVs, or ranges) in the room. 

Analysis The total cooling load of the room is determined from 

(^cooling — ^lights + Speople + Sheat gain 

where 

Slights = 10xl00W = l kW 

Gpeople=40x360kJ/h = 4kW 

Sheat gain = 15,000 kJ / h = 4. 17 kW 15,000 kJ/h 

Substituting, 

Coding =1 + 4 + 4.17 = 9.17 kW 



Q 


cool 


Thus the number of air-conditioning units required is 


9.17 kW 
5 kW/unit 


1.83 >2 units 
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2-48 The lighting energy consumption of a storage room is to be reduced by installing motion sensors. The amount of 
energy and money that will be saved as well as the simple payback period are to be determined. 

Assumptions The electrical energy consumed by the ballasts is negligible. 

Analysis The plant operates 12 hours a day, and thus currently the lights are on for the entire 12 hour period. The motion 
sensors installed will keep the lights on for 3 hours, and off for the remaining 9 hours every day. This corresponds to a total 
of 9x365 = 3285 off hours per year. Disregarding the ballast factor, the annual energy and cost savings become 

Energy Savings = (Number of lamps) (Lamp wattage) (Reduction of annual operating hours) 

= (24 lamps)(60 W/lamp )(3285 hours/year) 

= 4730 kWh/year 

Cost Savings = (Energy Savings)(Unit cost of energy) 

= (4730 kWh/year)($0. 08/kWh) 

= $378/year 

The implementation cost of this measure is the sum of the purchase price of 
the sensor plus the labor, 

Implementation Cost = Material + Labor = $32 + $40 = $72 
This gives a simple payback period of 

, Implementation cost $72 

Simple payback period = = = 0.1 9 year (2.3 months) 

Annual cost savings $378 /year 

Therefore, the motion sensor will pay for itself in about 2 months. 


2-49 The classrooms and faculty offices of a university campus are not occupied an average of 4 hours a day, but the lights 
are kept on. The amounts of electricity and money the campus will save per year if the lights are turned off during 
unoccupied periods are to be determined. 

Analysis The total electric power consumed by the lights in the classrooms and faculty offices is 

^lichtinc. classroom - (Power consumed per lamp) x (No. of lamps) = (200 x 12 x 1 10 W) = 264,000 = 264 kW 
^lighting offices = (Power consumed per lamp) x (No. of lamps) = (400 x 6 x 1 10 W) = 264,000 = 264 kW 

^lighting, total — ^lighting, classroom ^lighting, offices — 264" + 264 — 528 kW 

Noting that the campus is open 240 days a year, the total number of unoccupied work hours per year is 
Unoccupied hours = (4 hour s/day) (240 days/year) = 960 h/yr 
Then the amount of electrical energy consumed per year during unoccupied work period and its cost are 

Energy savings = (E liehtin2 total )( Unoccupied hours) = (528 kW)(960 h/yr) = 506,880 kWh 

Cost savings = (Energy savings)(Unit cost of energy) = (506,880 kWh/yr)($0. 082/kWh) = $41,564/yr 

Discussion Note that simple conservation measures can result in significant energy and cost savings. 
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2-50 A room contains a light bulb, a TV set, a refrigerator, and an iron. The rate of increase of the energy content of the 
room when all of these electric devices are on is to be determined. 


Assumptions 1 The room is well sealed, and heat loss from the room is negligible. 2 All the appliances are kept on. 
Analysis Taking the room as the system, the rate form of the energy balance can be written as 


E in ^ out 


^E system ^ dt 




dE r 00m / dt = E in 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


since no energy is leaving the room in any form, and thus E out = 0 . Also, 


^in - ^lights + ^TV + E refrig + ^ iron 

= 100 + 110 + 200 + 1000 W 
= 1410 W 


Substituting, the rate of increase in the energy content of the room becomes 



dE room / dt = E m = 1 41 0 W 


Discussion Note that some appliances such as refrigerators and irons operate intermittently, switching on and off as 
controlled by a thermostat. Therefore, the rate of energy transfer to the room, in general, will be less. 


2-51 A fan is to accelerate quiescent air to a specified velocity at a specified flow rate. The minimum power that must be 
supplied to the fan is to be determined. 

Assumptions The fan operates steadily. 

Properties The density of air is given to be p = 1.18 kg/m . 


Analysis A fan transmits the mechanical energy of the shaft (shaft power) to mechanical energy of air (kinetic energy). For 
a control volume that encloses the fan, the energy balance can be written as 


Ein E out 

\ j 

V 

Rate of net energy transfer 
by heat, work, and mass 


dF /J.^O (steady) 

LlLj system ' Ul 

\ j 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 


= 0 


-> 




= ™air ke out 




where 


ra a ir = pV - (1.18 kg/m 3 )(9 m 3 /s) = 10.62 kg/s 



Substituting, the minimum power input required is determined to be 


W sh,m = m Mr 


'^-=(io.62kg *)<*=*> 


U/kg 
U m 2 /s 2 


A 


= 340 J/s = 340 W 


Discussion The conservation of energy principle requires the energy to be conserved as it is converted from one form to 
another, and it does not allow any energy to be created or destroyed during a process. In reality, the power required will be 
considerably higher because of the losses associated with the conversion of mechanical shaft energy to kinetic energy of air. 
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2-52E A fan accelerates air to a specified velocity in a square duct. The minimum electric power that must be supplied to 
the fan motor is to be determined. 


Assumptions 1 The fan operates steadily. 2 There are no conversion losses. 
Properties The density of air is given to be p = 0.075 lbm/ft 3 . 


Analysis A fan motor converts electrical energy to mechanical shaft energy, and the fan transmits the mechanical energy of 
the shaft (shaft power) to mechanical energy of air (kinetic energy). For a control volume that encloses the fan-motor unit, 
the energy balance can be written as 


E in ~ E out 

V j 

V 

Rate of net energy transfer 
by heat, work, and mass 


dE^/dt*^ =0 

V, J 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 


-» 


Ein ~ E ollt 


W. 


elect, in 


/7i a ir ke out 




where 


m air = pVA = (0.075 lbm/ft 3 )(3 x 3 ft 2 )(22 ft/s) = 14.85 lbm/s 



Substituting, the minimum power input required is determined to be 


W;„ = — = (14.85 lbm/s) (22ft/s) 


in 


air 


1 Btu/lbm 
25,037 ft 2 /s 2 


A 


= 0.1435 Btu/s = 151 W 


since 1 Btu = 1.055 kJ and 1 kJ/s = 1000 W. 

Discussion The conservation of energy principle requires the energy to be conserved as it is converted from one form to 
another, and it does not allow any energy to be created or destroyed during a process. In reality, the power required will be 
considerably higher because of the losses associated with the conversion of electrical-to-mechanical shaft and mechanical 
shaft-to-kinetic energy of air. 
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2-53 A gasoline pump raises the pressure to a specified value while consuming electric power at a specified rate. The 
maximum volume flow rate of gasoline is to be determined. 


Assumptions 1 The gasoline pump operates steadily. 2 The changes in kinetic and potential energies across the pump are 
negligible. 


Analysis For a control volume that encloses the pump-motor unit, the energy balance can be written as 


E -E = dE (steady) q 

^in ^out a -^system ' Ul u 

V V ' _ V v ' 

Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 






W in + m(Pv) x - m{Pv) 2 — > W m = m(P 2 - P x )v = 0 AP 


since m = V/v and the changes in kinetic and potential energies of gasoline 
are negligible, Solving for volume flow rate and substituting, the maximum 
flow rate is determined to be 


W 

u 

max Ap 


3.8 kJ/s f lkPa-m 3 " 
7 kPa ( TkJ y 


= 0.543 m 3 /s 



Discussion The conservation of energy principle requires the energy to be conserved as it is converted from one form to 
another, and it does not allow any energy to be created or destroyed during a process. In reality, the volume flow rate will 
be less because of the losses associated with the conversion of electrical-to-mechanical shaft and mechanical shaft-to-flow 
energy. 
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2-54 An inclined escalator is to move a certain number of people upstairs at a constant velocity. The minimum power 
required to drive this escalator is to be determined. 

Assumptions 1 Air drag and friction are negligible. 2 The average mass of each person is 75 kg. 3 The escalator operates 
steadily, with no acceleration or breaking. 4 The mass of escalator itself is negligible. 

Analysis At design conditions, the total mass moved by the escalator at any given time is 

Mass = (30 persons)(75 kg/person) = 2250 kg 

The vertical component of escalator velocity is 

Kert = y sin 45° = (0.8 m/s)sin45° 

Under stated assumptions, the power supplied is used to increase the potential energy of people. Taking the people on 
elevator as the closed system, the energy balance in the rate form can be written as 

A£ svs 

fin ~ £out, = dE system /dt =0 -> E in =dE sys ldt = —^~ 

Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


= APE = = 


in 


At At 


That is, under stated assumptions, the power input to the escalator must be equal to the rate of increase of the potential 
energy of people. Substituting, the required power input becomes 


W in = mg Kert = (2250 kg)(9.81 m/s 2 )(0.8 m/s)sin45‘ 


^ 1 kJ/kg N 

v 1000m 2 /s 2 y 


= 12.5 kJ/s =12.5 kW 


When the escalator velocity is doubled to V = 1.6 m/s, the power needed to drive the escalator becomes 


W in = mg Kert = (2250 kg) (9. 81 m/s 2 )( 1.6 m/s)sin45‘ 


^ 1 kJ/kg N 

v 1000 m 2 /s 2 j 


= 25.0 kJ/s = 25.0 kW 


Discussion Note that the power needed to drive an escalator is proportional to the escalator velocity. 
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2-55 An automobile moving at a given velocity is considered. The power required to move the car and the area of the 
effective flow channel behind the car are to be determined. 


Analysis The absolute pressure of the air is 


P = (700 mm Hg) 


f 0.1333 kPa A 


1 mm Hg 

and the specific volume of the air is 


= 93.31 kPa 


i/ = 


RT (0.287 kPa • m7kg • K)(293 K) 


P 


93.31kPa 



0.9012 m 3 /kg 


The mass flow rate through the control volume is 


m = 




(3m 2 )(90/3.6m/s) 
0.9012 m 3 /kg 


83.22 kg/s 


The power requirement is 


V , 2 - V 2 

W = m — — 

2 


= (83.22 kg/s) 


(90/3.6 m/s) 2 -(82/3.6 m/s) 2 


1 kJ/kg 


2,2 


4.42 kW 


1000 m z /s 


The outlet area is 

A 2 V 2 mv (83.22 kg/s)(0.9012m 3 /kg) 3 20 m 2 

t/ 2 V 2 (82/3.6) m/s 
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2-56C Mechanical efficiency is defined as the ratio of the mechanical energy output to the mechanical energy input. A 
mechanical efficiency of 100% for a hydraulic turbine means that the entire mechanical energy of the fluid is converted to 
mechanical (shaft) work. 


2-57C The combined pump -motor efficiency of a pump/motor system is defined as the ratio of the increase in the 
mechanical energy of the fluid to the electrical power consumption of the motor, 


7 


pump-motor 


J l DUIT1D 


c 7 c 1 

^ mech,out mech,in 


A E 


mech, fluid 


w. 


pump 


pump / motor 


w. 


elect, in 




elect, in 


w. 


elect, in 


The combined pump-motor efficiency cannot be greater than either of the pump or motor efficiency since both pump and 
motor efficiencies are less than 1, and the product of two numbers that are less than one is less than either of the numbers. 


2-58C The turbine efficiency, generator efficiency, and combined turbine- generator efficiency are defined as follows: 


7 turbine 


Mechanical energy output 


W t 


shaft, out 


Mechanical energy extracted from the fluid I A£ mech fluid 


7 generator 


Electrical power output W^iect, 


out 


Mechanical power input Vk shaft in 


W t 


7 turbine -gen 7turbine7generator 


elect, out 




elect,out 


F — F 

mech, in mech, out 


A E 


mech, fluid 


2-59C No, the combined pump-motor efficiency cannot be greater that either of the pump efficiency of the motor 
efficiency. This is because 7 P um P -motor = '7 P um P '7motor - and both 7 P um P and '/motor are less than one, and a number gets 

smaller when multiplied by a number smaller than one. 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



2-25 


2-60 A hooded electric open burner and a gas burner are considered. The amount of the electrical energy used directly for 
cooking and the cost of energy per “utilized” kWh are to be determined. 

Analysis The efficiency of the electric heater is given to be 73 percent. Therefore, a burner that consumes 3-kW of 
electrical energy will supply 


7 g as = 38% 

7 electric = 7 3% 

^utilized = (Energy input) x (Efficiency) = (2.4kW)(0.73)= 1 .75 kW 

of useful energy. The unit cost of utilized energy is inversely proportional to the 
efficiency, and is determined from 

^ , Cost of energy input $0.10/kWh .... 

Cost of utilized energy = — — — = = $0.1 37/kWh 

Efficiency 0.73 

Noting that the efficiency of a gas burner is 38 percent, the energy input to a gas 
burner that supplies utilized energy at the same rate (1.75 kW) is 



e ^utilized 
input, gas — • 

Efficiency 


1 75 kW 

- - = 4.61 kW (= 15,700 Btu/h) 

0.38 


since 1 kW = 3412 Btu/h. Therefore, a gas burner should have a rating of at least 15,700 Btu/h to perform as well as the 
electric unit. Noting that 1 therm = 29.3 kWh, the unit cost of utilized energy in the case of gas burner is determined the 
same way to be 


Cost of utilized energy = 


Cost of energy input $ 1 .20 /(29.3 kWh) 


Efficiency 


0.38 


= $0.1 08/kWh 


2-61 A worn out standard motor is replaced by a high efficiency one. The reduction in the internal heat gain due to the 
higher efficiency under full load conditions is to be determined. 

Assumptions 1 The motor and the equipment driven by the motor are in the same room. 2 The motor operates at full load so 
that /i oad = 1. 

Analysis The heat generated by a motor is due to its inefficiency, and the difference 
between the heat generated by two motors that deliver the same shaft power is simply the 
difference between the electric power drawn by the motors, 

t^in, electric, standard = ^shaft ' V motor = (75x746 W)/0.91 = 61,484 W 

Win, electric, efficient = ^ shaf t / -Vmctor = (75 X 746 W)/0.954 = 58,648 W 

Then the reduction in heat generation becomes 

reduction — ^in, electric, standard — ^in, electric, efficient — 61,484—58,648 — 2836 W 
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2-62 An electric car is powered by an electric motor mounted in the engine compartment. The rate of heat supply by the 
motor to the engine compartment at full load conditions is to be determined. 

Assumptions The motor operates at full load so that the load factor is 1. 

Analysis The heat generated by a motor is due to its inefficiency, and is equal to the difference between the electrical 
energy it consumes and the shaft power it delivers, 

W in , electric = Wshaf, / W = (90 hp)/0.91 = 98.90 hp 
^generation = ^in, elecMc ~ ovti = 98.90 - 90 = 8.90 hp = 6.64 kW 

since 1 hp = 0.746 kW. 

Discussion Note that the electrical energy not converted to mechanical power is 
converted to heat. 



2-63 A worn out standard motor is to be replaced by a high efficiency one. The amount of electrical energy and money 
savings as a result of installing the high efficiency motor instead of the standard one as well as the simple payback period 
are to be determined. 

Assumptions The load factor of the motor remains constant at 0.75. 

Analysis The electric power drawn by each motor and their difference can be expressed as 

^electric in, standard = ^shaft ^standard = ( Pow er rating) (Load factor) / 77 standard 
^electric in, efficient — ^shaft ^ ^efficient — (Power rating)(Load factor) / ^7 efficient 

Power savings = fk e lectric in, standard ” ^electric in, efficient 

= (Power rating)(Load factor) [1 / 77 standard - 1 / ^efficient 1 

where r| standard is the efficiency of the standard motor, and inefficient is the efficiency of the comparable high efficiency motor. 
Then the annual energy and cost savings associated with the installation of the high efficiency motor are determined to be 

Energy Savings = (Power savings)(Operating Hours) 

= (Power Rating) (Operating Hours)(Load Factcr)(l/r| standard - 1/n efficient) ?7 0 ld = 91.0% 

= (75 hp)(0.746 kW/hp)(4,368 hours/year)(0.75)( 1/0.91 - 1/0.954) r/ new = 95.4% 

= 9,290 kWh/year 

Cost Savings = (Energy savings)(Unit cost of energy) 

= (9,290 kWh/y ear) ($0. 08/kWh) 

= $743/year 

The implementation cost of this measure consists of the excess cost the high efficiency motor 
over the standard one. That is, 

Implementation Cost = Cost differential = $5,520 - $5,449 = $71 
This gives a simple payback period of 

0 . , . , Implementation cost $71 . 

Simple payback period = : = = 0.096 year (or 1 . 1 months) 

Annual cost savings $743 /year 

Therefore, the high-efficiency motor will pay for its cost differential in about one month. 
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2-64E The combustion efficiency of a furnace is raised from 0.7 to 0.8 by tuning it up. The annual energy and cost savings 
as a result of tuning up the boiler are to be determined. 

Assumptions The boiler operates at full load while operating. 

Analysis The heat output of boiler is related to the fuel energy input to the boiler by 

Boiler output = (Boiler input) (Combustion efficiency) 

2out — 2in ^furnace 

The current rate of heat input to the boiler is given to be <2 in current = 5.5 x 10 6 Btu/h . 

Then the rate of useful heat output of the boiler becomes 

Gout = ( Gin '/furnace) current = (5.5 X 1()6 Btu/h)(0.7) = 3.85 X 1() 6 Btu/h 

The boiler must supply useful heat at the same rate after the tune up. Therefore, the 
rate of heat input to the boiler after the tune up and the rate of energy savings become 

Gin. new = Gout ' '/furnace, new = 0-85 X 10 & Btu/h)/0.8 = 4.8 1 X 10 & Btu/h 

Gin, saved = Gin, current “Gin, new =5.5xl0 6 -4.81xl0 6 = 0.69 X 10 & Btu/h 

Then the annual energy and cost savings associated with tuning up the boiler become 

Energy Savings = Q in saved (Operation hours) 

= (0.69xl0 6 Btu/h) (4200 h/year) = 2.89x1 0 9 Btu/yr 

Cost Savings = (Energy Savings)(Unit cost of energy) 

= (2.89xl0 9 Btu/yr)($4.35/10 6 Btu) = $1 2,600/year 

Discussion Notice that tuning up the boiler will save $12,600 a year, which is a significant amount. The implementation 
cost of this measure is negligible if the adjustment can be made by in-house personnel. Otherwise it is worthwhile to have 
an authorized representative of the boiler manufacturer to service the boiler twice a year. 
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2-65E Problem 2-64E is reconsidered. The effects of the unit cost of energy and combustion efficiency on the 

annual energy used and the cost savings as the efficiency varies from 0.7 to 0.9 and the unit cost varies from $4 to $6 per 
million Btu are the investigated. The annual energy saved and the cost savings are to be plotted against the efficiency for 
unit costs of $4, $5, and $6 per million Btu. 

Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

Q_dotJn_current=5.5E6 [Btu/h] 
eta_furnace_current=0.7 
eta_furnace_new=0.8 
Hours=4200 [h/year] 

UnitCost=4.35E-6 [$/Btu] 

"Analysis" 

Q_dot_out=Q_dotJn_current*eta_furnace_current 

Q_dotJn_new=Q_dot_out/eta_furnace_new 

Q_dotJn_saved=Q_dot_in_current-Q_dot_Jn_new 

Energysavings=Q_dot_in_saved*Hours 

CostSavings=EnergySavings*UnitCost 



Bfurnacejnew 


L| furnace, new 

Energy Saving 

CostSaving 


s 

s 


[Btu/year] 

[$/year] 

0.7 

0.00E+00 

0 

0.72 

6.42E+08 

3208 

0.74 

1.25E+09 

6243 

0.76 

1.82E+09 

9118 

0.78 

2.37E+09 

11846 

0.8 

2.89E+09 

14437 

0.82 

3.38E+09 

16902 

0.84 

3.85E+09 

19250 

0.86 

4.30E+09 

21488 

0.88 

4.73E+09 

23625 

0.9 

5.13E+09 

25667 
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2-66 Several people are working out in an exercise room. The rate of heat gain from people and the equipment is to be 
determined. 

Assumptions The average rate of heat dissipated by people in an exercise room is 525 W. 

Analysis The 8 weight lifting machines do not have any motors, and thus they do not contribute to the internal heat gain 
directly. The usage factors of the motors of the treadmills are taken to be unity since they are used constantly during peak 
periods. Noting that 1 hp = 746 W, the total heat generated by the motors is 

Q motors — (No. of motors) xW' motor x/ load 

* ./usage ^ 7 motor 

= 4 x (2.5 x 746 W) x 0.70 x 1 .0/0.77 = 6782 W 
The heat gain from 14 people is 

Gpeopie = (No. of people) X e person = 14 X (525 W) = 7350 W 

Then the total rate of heat gain of the exercise room during peak period becomes 
S total = Q motors + Gpeople = 6782 + 7350 = 1 4,1 32 W 



2-67 A room is cooled by circulating chilled water through a heat exchanger, and the air is circulated through the heat 
exchanger by a fan. The contribution of the fan-motor assembly to the cooling load of the room is to be determined. 

Assumptions The fan motor operates at full load so that/j oad = 1. 

Analysis The entire electrical energy consumed by the motor, including the shaft 
power delivered to the fan, is eventually dissipated as heat. Therefore, the 
contribution of the fan-motor assembly to the cooling load of the room is equal 
to the electrical energy it consumes, 

Q internal generation — ^in, electric — ^shaft ^ 7 motor 

= (0.25 hp)/0.54 = 0.463 hp = 345 W 
since 1 hp = 746 W. 
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2-68 A hydraulic turbine-generator is to generate electricity from the water of a lake. The overall efficiency, the turbine 
efficiency, and the shaft power are to be determined. 


Assumptions 1 The elevation of the lake and that of the discharge 
site remains constant. 2 Irreversible losses in the pipes are 
negligible. 

Properties The density of water can be taken to be p = 1000 
kg/m . The gravitational acceleration is g = 9.81 m/s". 

Analysis ( a ) We take the bottom of the lake as the reference level 
for convenience. Then kinetic and potential energies of water are 
zero, and the mechanical energy of water consists of pressure 
energy only which is 


^mech.in ^ mech,out 


P h 

P 

= (9.81 m/s 2 )(50 m) 
= 0.491kJ/kg 


lkJ/kg 


2/2 


1000 m/s 



Then the rate at which mechanical energy of fluid supplied to the turbine and the overall efficiency become 


I A£ mech , fluid 1= m(e mech ' in - emech , in ) = (5000 kg/s)(0.491 kJ/kg) = 2455 kW 


W. 


*7 overall ^7 turbine-gen 


elect, out 


A E 


mech.fluid 


1 862 kW _ 

= 0.760 

2455 kW 


(b) Knowing the overall and generator efficiencies, the mechanical efficiency of the turbine is determined from 

7 7 turbine-gen 0.76 


7 7 turbine-gen 7 7 turbine 7 7generator ^ 7 7 turbine 


0.800 


77 generator 0.95 

(c) The shaft power output is determined from the definition of mechanical efficiency, 
W shaft , out = //turbine ' A£ mech , fluid 1= (0.800)(2455 kW) = 1964 kW - 1960 kW 


Therefore, the lake supplies 2455 kW of mechanical energy to the turbine, which converts 1964 kW of it to shaft work that 
drives the generator, which generates 1862 kW of electric power. 
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2-69 Wind is blowing steadily at a certain velocity. The mechanical energy of air per unit mass, the power generation 
potential, and the actual electric power generation are to be determined. 


Assumptions 1 The wind is blowing steadily at a constant 
uniform velocity. 2 The efficiency of the wind turbine is 
independent of the wind speed. 

Properties The density of air is given to be p = 1.25 kg/m . 

Analysis Kinetic energy is the only form of mechanical energy 
the wind possesses, and it can be converted to work entirely. 
Therefore, the power potential of the wind is its kinetic energy, 

which is V 12 per unit mass, and mV / 2 for a given mass 
flow rate: 


e 


mech 



(7 m/s) 2 
2 


' 1 kJ/kg N 

v 1000m 2 /s 2 , 


= 0.0245 kJ/kg 



HD 


m = pVA = pV — — = (1 .25 kg/nr )(7 m/s) 


3.n ^(80 m) 


4 


= 43,982 kg/s 


^max =^mech = ^mech = (43,982 kg/s)(0.0245 kJ/kg) = 1 078 kW 
The actual electric power generation is determined by multiplying the power generation potential by the efficiency, 

Select = V wind turbine max = (0.30)(1078 kW) = 323 kW 

Therefore, 323 kW of actual power can be generated by this wind turbine at the stated conditions. 

Discussion The power generation of a wind turbine is proportional to the cube of the wind velocity, and thus the power 
generation will change strongly with the wind conditions. 
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2-70 Problem 2-69 is reconsidered. The effect of wind velocity and the blade span diameter on wind power 

generation as the velocity varies from 5 m/s to 20 m/s in increments of 5 m/s, and the diameter varies from 20 m to 120 m 
in increments of 20 m is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

V=7 [m/s] 

D=80 [m] 
eta_overall=0.30 
rho=1 .25 [kg/m A 3] 

"Analysis" 
g=9.81 [m/s A 2] 

A=pi*D A 2/4 

m_dot=rho*A*V 

W_dot_max=m_dot*V A 2/2*Convert(m A 2/s A 2, kJ/kg) 
W dot elect=eta overall*W dot max 


Parametric Table 

. |n x 

Table 1 
► 

1 ..24 

iL ° 

a 

2 IZ 

V 

[m/s] 

3 Z 

m 

[kg/s] 

4 IZ 

^elect 

[kW] 

Run 1 

20 

5 

1963 

7.363 

Run 2 

20 

10 

3927 

58.9 

Run 3 

20 

15 

5890 

198.8 

Run 4 

20 

20 

7854 

471.2 

Run 5 

40 

5 

7854 

29.45 

Run 6 

40 

10 

15708 

235.6 

Run 7 

40 

15 

23562 

795.2 

Run 8 

40 

20 

31416 

1885 

Run 9 

60 

5 

17671 

66.27 

Run 10 

60 

10 

35343 

530.1 

Run 11 

60 

15 

53014 

1789 

Run 12 

60 

20 

70686 

4241 

Run 13 

80 

5 

31416 

117.8 

Run 14 

80 

10 

62832 

942.5 

Run 15 

80 

15 

94248 

3181 

Run 16 

80 

20 

125664 

7540 

Run 17 

100 

5 

49087 

184.1 

Run 18 

100 

10 

98175 

1473 

Run 19 

100 

15 

147262 

4970 

Run 20 

100 

20 

196350 

11781 

Run 21 

120 

5 

70686 

265.1 

Run 22 

120 

10 

141372 

2121 

Run 23 

120 

15 

212058 

7157 

Run 24 

120 

20 

282743 

16965 



4 6 8 10 12 14 16 18 20 


V [m/s] 
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2-71 Water is pumped from a lake to a storage tank at a specified rate. The overall efficiency of the pump-motor unit and 
the pressure difference between the inlet and the exit of the pump are to be determined. 


Assumptions 1 The elevations of the tank and the lake remain constant. 2 Frictional losses in the pipes are negligible. 3 The 
changes in kinetic energy are negligible. 4 The elevation difference across the pump is negligible. 


• • 3 

Properties We take the density of water to be p = 1000 kg/m . 

Analysis (a) We take the free surface of the lake to be point 1 and the 
free surfaces of the storage tank to be point 2. We also take the lake 
surface as the reference level (z\ = 0), and thus the potential energy at 
points 1 and 2 are pej =0 and pe 2 = gz 2 - The flow energy at both points 
is zero since both 1 and 2 are open to the atmosphere (P { = P 2 = P a tm)- 
Further, the kinetic energy at both points is zero (kej = ke 2 = 0) since the 
water at both locations is essentially stationary. The mass flow rate of 
water and its potential energy at point 2 are 

m = pO = (1000 kg/m 3 )(0.070 m 3 /s) = 70 kg/s 


pe 2 = gz 2 = (9.81 m/s 2 )(20m) 


lkJ/kg 


2,2 


1000 m /s 


0.196 kJ/kg 




Then the rate of increase of the mechanical energy of water becomes 

^mech.fluid = '»Omech,out “ <Wh,in ) = m(pe 2 -0) = rhpe 2 = (70 kg/s)(0. 196 kJ/kg) = 13.7 kW 


The overall efficiency of the combined pump-motor unit is determined from its definition, 


7 


mech, fluid 13.7 kW 


pump-motor 


w. 


elect, in 


20.4 kW 


= 0.672 or 67.2% 


(, b ) Now we consider the pump. The change in the mechanical energy of water as it flows through the pump consists of the 
change in the flow energy only since the elevation difference across the pump and the change in the kinetic energy are 
negligible. Also, this change must be equal to the useful mechanical energy supplied by the pump, which is 13.7 kW: 


A E 


mech, fluid 


= m(e 


mech, out ^ mech, in 


) = m 


P2-P1 

P 


= i/AP 


Solving for A P and substituting, 


A P = 


A E 


mech, fluid 

0 


13.7 kJ/s 


0.070 m 3 /s 


f 1 kPa • m 3 ^ 
lkJ 


196 kPa 


Therefore, the pump must boost the pressure of water by 196 kPa in order to raise its elevation by 20 m. 

Discussion Note that only two-thirds of the electric energy consumed by the pump-motor is converted to the mechanical 
energy of water; the remaining one-third is wasted because of the inefficiencies of the pump and the motor. 
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2-72 A large wind turbine is installed at a location where the wind is blowing steadily at a certain velocity. The electric 
power generation, the daily electricity production, and the monetary value of this electricity are to be determined. 


Assumptions 1 The wind is blowing steadily at a constant 
uniform velocity. 2 The efficiency of the wind turbine is 
independent of the wind speed. 


Properties The density of air is given to be p = 1.25 kg/m . 


Analysis Kinetic energy is the only form of mechanical 
energy the wind possesses, and it can be converted to work 

entirely. Therefore, the power potential of the wind is its 

• •2 • *2 
kinetic energy, which is V / 2 per unit mass, and mV / 2 for 

a given mass flow rate: 


e 


mech 



(8 m/s) 2 
2 


" 1 kJ/kg N 

v 1000m 2 /s 2 y 


0.032 kJ/kg 


> 

Wind 

8 m/s 

> 

> 

> 


7rD 


m = pVA = pV — — = (1 .25 kg/nr )(8 m/s) 


3x/o ^(100 m)' 


4 


= 78,540 kg/s 



W max =4nech = me mech = (78,540 kg/s)(0.032 kJ/kg) = 25 13 kW 
The actual electric power generation is determined from 

Select = P wind turbine ^max = (0.32)(25 1 3 kW) = 804.2 kW 

Then the amount of electricity generated per day and its monetary value become 

Amount of electricity = (Wind power)(Operating hours)=(804.2 kW)(24 h) =19,300 kWh 

Revenues = (Amount of electricity)(Unit price) = (19,300 kWh)($0. 06/kWh) = $1158 (per day) 

Discussion Note that a single wind turbine can generate several thousand dollars worth of electricity every day at a 
reasonable cost, which explains the overwhelming popularity of wind turbines in recent years. 


2-73E A water pump raises the pressure of water by a specified amount at a specified flow rate while consuming a known 
amount of electric power. The mechanical efficiency of the pump is to be determined. 


Assumptions 1 The pump operates steadily. 2 The changes in velocity and elevation 
across the pump are negligible. 3 Water is incompressible. 

Analysis To determine the mechanical efficiency of the pump, we need to know the 
increase in the mechanical energy of the fluid as it flows through the pump, which is 


A^mech, fluid = '»(<? mec h,out “ <?mech,in ) = "»[(P V ) 2 ~{Pv) x ] = m(P 2 - P, )</ 

/ \ 

.3 


= V(P 2 - P { ) = (15 ft /s)( 1 .2 psi) 


1 Btu 


5.404 psi • ft 


= 3.33 Btu/s = 4.7 Ihp 



since 1 hp = 0.7068 Btu/s, m = pO - 0 / v , and there is no change in kinetic and potential energies of the fluid. Then the 
mechanical efficiency of the pump becomes 


_ mech, fluid 

^ pump _ TT 

^ pump, shaft 


4.7 Ihp 
6hp 


0.786 


or 78.6% 


Discussion The overall efficiency of this pump will be lower than 83.8% because of the inefficiency of the electric motor 
that drives the pump. 
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2-74 Water is pumped from a lower reservoir to a higher reservoir at a specified rate. For a specified shaft power input, the 
power that is converted to thermal energy is to be determined. 


Assumptions 1 The pump operates steadily. 2 The elevations of the 
reservoirs remain constant. 3 The changes in kinetic energy are 
negligible. 

Properties We take the density of water to be p = 1000 kg/m . 

Analysis The elevation of water and thus its potential energy changes 
during pumping, but it experiences no changes in its velocity and 
pressure. Therefore, the change in the total mechanical energy of 
water is equal to the change in its potential energy, which is gz per 
unit mass, and mgz for a given mass flow rate. That is, 




A^mech = ™ A <Wh = mA P e = MgAz = pVg A Z 


= (1000 kg/m 3 X0.03 m 3 /s)(9. 8 1 m/s 2 )(45 m) 


f 1N 1 

f lkW > 

v l kg • m/s 2 

V 1000 N- m/s J 


13.2 kW 


Then the mechanical power lost because of frictional effects becomes 
Wfnct = Wpump, in “ A ^,ncch = 20 - 13.2 kW = 6.8 kW 


Discussion The 6.8 kW of power is used to overcome the friction in the piping system. The effect of frictional losses in a 
pump is always to convert mechanical energy to an equivalent amount of thermal energy, which results in a slight rise in 
fluid temperature. Note that this pumping process could be accomplished by a 13.2 kW pump (rather than 20 kW) if there 
were no frictional losses in the system. In this ideal case, the pump would function as a turbine when the water is allowed to 
flow from the upper reservoir to the lower reservoir and extract 13.2 kW of power from the water. 


2-75 The mass flow rate of water through the hydraulic turbines of a dam is to be determined. 
Analysis The mass flow rate is determined from 


W = mg(z 2 ~Z\) > m = 


W 


100,000 kJ/s 


8 ^ 2 (9.8 m/s 2 )(206 - 0) m 


lkJ/kg 


49,500 kg/s 


2/2 


1000 mVs 
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2-76 A pump is pumping oil at a specified rate. The pressure rise of oil in the pump is measured, and the motor efficiency is 
specified. The mechanical efficiency of the pump is to be determined. 

Assumptions 1 The flow is steady and incompressible. 2 The elevation difference across the pump is negligible. 

Properties The density of oil is given to be p = 860 kg/m . 

Analysis Then the total mechanical energy of a fluid is the sum of the potential, flow, and kinetic energies, and is expressed 
per unit mass as e mech = gh + Pv + V / 2 . To determine the mechanical efficiency of the pump, we need to know the 
increase in the mechanical energy of the fluid as it flows through the pump, which is 


f V 2 y 2 3 Y y 2 _y 2 

^-^mech, fluid — ^(^mech,out — ^mech,in ) — ^ (-^0 2 ^ ^ 1 ~ ~ V (^2 — ^1 ) P ^ 


since m = pO -0 / </ , and there is no change in the potential 
energy of the fluid. Also, 

17 0 0 0.1 m 3 /s lnn , 

V l = — = = = 19.9 m/s 

A, nDp 4 ^-(0.08 m) 2 / 4 


T7 V 0 0.1 m 3 /s co . . 

V 2 = — = r = = 8.84 m/s 

A 2 tzDI / 4 ;r(0.1 2m) 2 / 4 


Substituting, the useful pumping power is determined to be 


^pump,u ^^mech, fluid 



© 


= (0.1m 3 /s) 400 kN/m 2 + (860 kg/m 3 ) (8 ' 84 m/s) ( 19 - 9m/s ) 

2 

V 

= 26.3 kW 

Then the shaft power and the mechanical efficiency of the pump become 
Wpump, shaft - 7 motorW electric = (0.90)(35 kW) = 31.5 kW 


lkN 


1000kg-m/s ) JUkN-m/s 


lkW 


^pump,u _ 26.3 kW 
W 31.5 kW 

r pump, shaft 


= 0.836 = 83 . 6 % 


Discussion The overall efficiency of this pump/motor unit is the product of the mechanical and motor efficiencies, which is 
0.9x0.836 = 0.75. 
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2-77E Water is pumped from a lake to a nearby pool by a pump with specified power and efficiency. The mechanical 
power used to overcome frictional effects is to be determined. 

Assumptions 1 The flow is steady and incompressible. 2 The elevation difference between the lake and the free surface of 
the pool is constant. 3 The average flow velocity is constant since pipe diameter is constant. 

Properties We take the density of water to be p — 62.4 lbm/ft 3 . 

Analysis The useful mechanical pumping power delivered to water is 

Wpump.u = ^pump^pump = (0.80)(20 h P ) = 16 hp 

The elevation of water and thus its potential energy changes during 
pumping, but it experiences no changes in its velocity and 
pressure. Therefore, the change in the total mechanical energy of 
water is equal to the change in its potential energy, which is gz per 
unit mass, and mgz for a given mass flow rate. That is, 

A^mech = '» Ae mech = mA P e = m 8 A Z = P^8 A Z 



Substituting, the rate of change of mechanical energy of water becomes 


A-^mech — 


(62.4 lbm/ft 3 )(1. 5 ft 3 /s)(32.2 ft/s 2 )(80 ft) 


f llbf 

A 

f 1 hp ^ 

V32.2 lbm • 

ft/s 2 J 

y550 lbf • ft/s J 


13.63 hp 


Then the mechanical power lost in piping because of frictional effects becomes 
Wfrict = ^pump.u - A^mech = 16 - 13.63 hp = 2.37 hp 

Discussion Note that the pump must supply to the water an additional useful mechanical power of 2.37 hp to overcome the 
frictional losses in pipes. 
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2-78 A wind turbine produces 180 kW of power. The average velocity of the air and the conversion efficiency of the 
turbine are to be determined. 

Assumptions The wind turbine operates steadily. 

Properties The density of air is given to be 1.31 kg/m . 

Analysis ( a ) The blade diameter and the blade span area are 


(250 km/h) 


;r(15 L/min) 


1 m/s 
3.6 km/h 
Y lmin^l 


= 88.42 m 



Discussion Note that about one-third of the kinetic energy of the wind is converted to power by the wind turbine, which is 
typical of actual turbines. 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



Energy and Environment 


2-39 


2-79C Energy conversion pollutes the soil, the water, and the air, and the environmental pollution is a serious threat to 
vegetation, wild life, and human health. The emissions emitted during the combustion of fossil fuels are responsible for 
smog, acid rain, and global warming and climate change. The primary chemicals that pollute the air are hydrocarbons (HC, 
also referred to as volatile organic compounds, VOC), nitrogen oxides (NOx), and carbon monoxide (CO). The primary 
source of these pollutants is the motor vehicles. 


2-80C Smog is the brown haze that builds up in a large stagnant air mass, and hangs over populated areas on calm hot 
summer days. Smog is made up mostly of ground-level ozone (0 3 ), but it also contains numerous other chemicals, 
including carbon monoxide (CO), particulate matter such as soot and dust, volatile organic compounds (VOC) such as 
benzene, butane, and other hydrocarbons. Ground-level ozone is formed when hydrocarbons and nitrogen oxides react in 
the presence of sunlight in hot calm days. Ozone irritates eyes and damage the air sacs in the lungs where oxygen and 
carbon dioxide are exchanged, causing eventual hardening of this soft and spongy tissue. It also causes shortness of breath, 
wheezing, fatigue, headaches, nausea, and aggravate respiratory problems such as asthma. 


2-81C Fossil fuels include small amounts of sulfur. The sulfur in the fuel reacts with oxygen to form sulfur dioxide (S0 2 ), 
which is an air pollutant. The sulfur oxides and nitric oxides react with water vapor and other chemicals high in the 
atmosphere in the presence of sunlight to form sulfuric and nitric acids. The acids formed usually dissolve in the suspended 
water droplets in clouds or fog. These acid-laden droplets are washed from the air on to the soil by rain or snow. This is 
known as acid rain. It is called “rain” since it comes down with rain droplets. 

As a result of acid rain, many lakes and rivers in industrial areas have become too acidic for fish to grow. Forests in 
those areas also experience a slow death due to absorbing the acids through their leaves, needles, and roots. Even marble 
structures deteriorate due to acid rain. 


2-82C Carbon monoxide, which is a colorless, odorless, poisonous gas that deprives the body's organs from getting enough 
oxygen by binding with the red blood cells that would otherwise carry oxygen. At low levels, carbon monoxide decreases 
the amount of oxygen supplied to the brain and other organs and muscles, slows body reactions and reflexes, and impairs 
judgment. It poses a serious threat to people with heart disease because of the fragile condition of the circulatory system 
and to fetuses because of the oxygen needs of the developing brain. At high levels, it can be fatal, as evidenced by 
numerous deaths caused by cars that are warmed up in closed garages or by exhaust gases leaking into the cars. 


2-83C Carbon dioxide (C0 2 ), water vapor, and trace amounts of some other gases such as methane and nitrogen oxides act 
like a blanket and keep the earth warm at night by blocking the heat radiated from the earth. This is known as the 
greenhouse effect. The greenhouse effect makes life on earth possible by keeping the earth warm. But excessive amounts of 
these gases disturb the delicate balance by trapping too much energy, which causes the average temperature of the earth to 
rise and the climate at some localities to change. These undesirable consequences of the greenhouse effect are referred to as 
global warming or global climate change. The greenhouse effect can be reduced by reducing the net production of C0 2 by 
consuming less energy (for example, by buying energy efficient cars and appliances) and planting trees. 
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2-84E A person trades in his Ford Taurus for a Ford Explorer. The extra amount of C0 2 emitted by the Explorer within 5 
years is to be determined. 

Assumptions The Explorer is assumed to use 940 gallons of gasoline a year compared to 715 gallons for Taurus. 
Analysis The extra amount of gasoline the Explorer will use within 5 years is 
Extra Gasoline = (Extra per year)(No. of years) 

= (940 - 715 gal/yr)(5 yr) 

= 1125 gal 

Extra C0 2 produced = (Extra gallons of gasoline used)(C0 2 emission per gallon) 

= (1125 gal)(19.7 lbm/gal) 

= 22,163 Ibm C0 2 

Discussion Note that the car we choose to drive has a significant effect on the amount of greenhouse gases produced. 


2-85 A power plant that burns natural gas produces 0.59 kg of carbon dioxide (C0 2 ) per kWh. The amount of C0 2 
production that is due to the refrigerators in a city is to be determined. 

Assumptions The city uses electricity produced by a natural gas power plant. 

Properties 0.59 kg of C0 2 is produced per kWh of electricity generated (given). 

Analysis Noting that there are 300,000 households in the city and each household consumes 700 kWh of electricity for 
refrigeration, the total amount of C0 2 produced is 

Amount of C0 2 produced = (Amount of electricity consumed) (Amount of C0 2 per kWh) 

= (300,000 household)(700 kWh/year household)(0.59 kg/kWh) 

= 1.23 x 10 8 C0 2 kg/year 

= 123,000 C0 2 ton/year 

Therefore, the refrigerators in this city are responsible for the production of 123,000 tons of C0 2 . 


2-86 A power plant that burns coal, produces 1.1 kg of carbon dioxide (C0 2 ) per kWh. The amount of C0 2 production that 
is due to the refrigerators in a city is to be determined. 

Assumptions The city uses electricity produced by a coal power plant. 

Properties 1.1 kg of C0 2 is produced per kWh of electricity generated (given). 

Analysis Noting that there are 300,000 households in the city and each 
household consumes 700 kWh of electricity for refrigeration, the total amount 
of C0 2 produced is 

Amount of C0 9 produced = (Amount of electricity consumed) (Amount of CO ? per kWh) 

= (300,000 household)(700 kWh/household)( 1 . 1 kg/kWh) 

= 2.31 x 10 8 CO 2 kg/year 

= 231,000 C0 2 ton/year 

Therefore, the refrigerators in this city are responsible for the production of 231,000 tons of C0 2 . 
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2-87E A household uses fuel oil for heating, and electricity for other energy needs. Now the household reduces its energy 
use by 20%. The reduction in the C0 2 production this household is responsible for is to be determined. 

Properties The amount of C0 2 produced is 1.54 lbm per kWh and 26.4 lbm per gallon of fuel oil (given). 

Analysis Noting that this household consumes 1 1,000 kWh of electricity and 1500 gallons of fuel oil per year, the amount 
of CO? production this household is responsible for is 

Amount of CO 2 produced = (Amount of electricity consumed)(Amount of CO 2 per kWh) 

+ (Amount of fuel oil consumed)(Amount of CO 2 per gallon) 

= (11 ,000 kWh/yr)( 1 .54 lbm/kWh) + (1500 gal/yr)(26.4 lbm/gal) 

= 56,540 CO 2 lbm/year 

Then reducing the electricity and fuel oil usage by 15% will reduce the annual amount 
of CO? production by this household by 

Reduction in C0 2 produced = (0.15)(Current amount of C0 7 production) 

= (0.15)(56,540 C0 2 kg/year) 

= 8481 C0 2 lbm/year 

Therefore, any measure that saves energy also reduces the amount of pollution emitted to the environment. 


2-88 A household has 2 cars, a natural gas furnace for heating, and uses electricity for other energy needs. The annual 
amount of NO x emission to the atmosphere this household is responsible for is to be determined. 

Properties The amount of NO x produced is 7.1 g per kWh, 4.3 g 
per therm of natural gas, and 1 1 kg per car (given). 

Analysis Noting that this household has 2 cars, consumes 1200 
therms of natural gas, and 9,000 kWh of electricity per year, the 
amount of NO x production this household is responsible for is 

Amount of NO x produced = (No. of cars)( Amount of NO x produced per car) 

+ (Amount of electricity consumed)(Amount of NO x per kWh) 

+ (Amount of gas consumed)(Amount of NO x per gallon) 

= (2 cars)( 1 1 kg/car) + (9000 kWh/yr)(0.007 1 kg/kWh) 

+ (1200 therms/yr) (0.0043 kg/therm) 

= 91 .06 NO x kg/year 

Discussion Any measure that saves energy will also reduce the amount of pollution emitted to the atmosphere. 
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2-89C The three mechanisms of heat transfer are conduction, convection, and radiation. 


2-90C Diamond has a higher thermal conductivity than silver, and thus diamond is a better conductor of heat. 


2-91C No. It is purely by radiation. 


2-92C In forced convection, the fluid is forced to move by external means such as a fan, pump, or the wind. The fluid 
motion in natural convection is due to buoyancy effects only. 


2-93C A blackbody is an idealized body that emits the maximum amount of radiation at a given temperature, and that 
absorbs all the radiation incident on it. Real bodies emit and absorb less radiation than a blackbody at the same 
temperature. 


2-94C Emissivity is the ratio of the radiation emitted by a surface to the radiation emitted by a blackbody at the same 
temperature. Absorptivity is the fraction of radiation incident on a surface that is absorbed by the surface. The Kirchhoff s 
law of radiation states that the emissivity and the absorptivity of a surface are equal at the same temperature and 
wavelength. 


2-95 The inner and outer surfaces of a brick wall are maintained at specified temperatures. The rate of heat transfer through 
the wall is to be determined. 


Assumptions 1 Steady operating conditions exist since the surface 
temperatures of the wall remain constant at the specified values. 2 Thermal 
properties of the wall are constant. 

Properties The thermal conductivity of the wall is given to be k = 0.69 
W/m-°C. 

Analysis Under steady conditions, the rate of heat transfer through the wall is 

Gcond = kA — = (0.69 W/m • °C)(5 x 6 m 2 ) (2 °~ 5) ° C = 1 035 W 
L 0.3 m 


Brick 

wall 


30 cm 


r 

20°C 


W 
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2-96 The inner and outer surfaces of a window glass are maintained at specified temperatures. The amount of heat 
transferred through the glass in 5 h is to be determined. 

Assumptions 1 Steady operating conditions exist since the surface temperatures of the glass remain constant at the specified 
values. 2 Thermal properties of the glass are constant. 


Properties The thermal conductivity of the glass is given to be k = 0.78 W/m-°C. 

Analysis Under steady conditions, the rate of heat transfer through the glass by 
conduction is 

A T M3 — 6I°C 

!2cond = kA — = (0.78 W/m • °C)(2 x 2 m 2 ) ' = 56 16 W 

L 0.005 m 

Then the amount of heat transferred over a period of 10 h becomes 

Q = Q cond At = (5.616 kJ/s)(10 x 3600s) = 202,200 kJ 



If the thickness of the glass is doubled to 1 cm, then the amount of heat transferred 
will go down by half to 1 01 ,1 00 kJ. 
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2-97 Reconsider Prob. 2-96. Using EES (or other) software, investigate the effect of glass thickness on heat loss for 

the specified glass surface temperatures. Let the glass thickness vary from 0.2 cm to 2 cm. Plot the heat loss versus the glass 
thickness, and discuss the results. 


Analysis The problem is solved using EES, and the solution is given below. 


FUNCTION klookup(material$) 

If material$='Glass' then klookup:=0.78 
If material$='Brick' then klookup:=0.72 
If material$='Fiber Glass' then klookup:=0.043 
If material$='Air' then klookup:=0.026 
If material$='Wood(oak)' then klookup:=0.17 

END 

L=2 [m] 

W=2 [m] 

material$='Glass' 

T in=1 5 [C] 

T_out=6 [C] 
k=0.78 [W/m-C] 
t=10 [hr] 

thickness=0.5 [cm] 

A=L*W 

Q_dot_loss=A*k*(TJn-T_out)/(thickness*convert(cm,m)) 

Q_loss_total=Q_dot_loss*t*convert(hr,s)*convert(J,kJ) 


Thicknes 
s [cm] 

Qloss, total 

[kJ 

0.2 

505440 

0.4 

252720 

0.6 

168480 

0.8 

126360 

1 

101088 

1.2 

84240 

1.4 

72206 

1.6 

63180 

1.8 

56160 

2 

50544 
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2-98 Heat is transferred steadily to boiling water in the pan through its bottom. The inner surface temperature of the 
bottom of the pan is given. The temperature of the outer surface is to be determined. 

Assumptions 1 Steady operating conditions exist since the surface temperatures of the pan remain constant at the specified 
values. 2 Thermal properties of the aluminum pan are constant. 


Properties The thermal conductivity of the aluminum is given to be k = 237 W/m-°C. 


Analysis The heat transfer surface area is 
A = nr 2 - ^(0.1 m) 2 = 0.0314 m 2 

Under steady conditions, the rate of heat transfer through the bottom of the pan 
by conduction is 


Q 




zl I 

L 







u 

o 

in 






500 W 

0.4 cm 


Substituting, 


t _ 1 05 ° C 

500 W = (237 W / m-° C)(0.03 14 m 2 ) 

0.004 m 


which gives 

T 2 = 105.3°C 


2-99 The inner and outer glasses of a double pane window with a 1-cm air space are at specified temperatures. The rate of 
heat transfer through the window is to be determined. 


Assumptions 1 Steady operating conditions exist since the surface temperatures 
of the glass remain constant at the specified values. 2 Heat transfer through the 
window is one-dimensional. 3 Thermal properties of the air are constant. 4 The 
air trapped between the two glasses is still, and thus heat transfer is by 
conduction only. 

Properties The thermal conductivity of air at room temperature is k = 0.026 
W/m.°C (Table 2-3). 

Analysis Under steady conditions, the rate of heat transfer through the window 
by conduction is 



Gcond =kA^- = (0.026 W/m-° C)(2x2 m 2 ) (l * 6) C 
L 0.01m 


125 W =0.125 kW 
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2-100 Two surfaces of a flat plate are maintained at specified temperatures, and the rate of heat transfer through the plate is 
measured. The thermal conductivity of the plate material is to be determined. 


Assumptions 1 Steady operating conditions exist since the surface 
temperatures of the plate remain constant at the specified values. 2 Heat 
transfer through the plate is one-dimensional. 3 Thermal properties of 
the plate are constant. 

Analysis The thermal conductivity is determined directly from the 
steady one-dimensional heat conduction relation to be 


Q = kA T ' ‘ 2 


k = 


L 


(. Ql A) L (500 W/m 2 )(0.02 m) 


T x -T 2 


(100-0)°C 


0.1 W/m.°C 


100 ° 



2-101 A person is standing in a room at a specified temperature. The rate of heat 
transfer between a person and the surrounding air by convection is to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer by radiation is 
not considered. 3 The environment is at a uniform temperature. 

Analysis The heat transfer surface area of the person is 

A = 7rDL = 7i(0.3 m)(1.70 m) = 1.60 m 2 

Under steady conditions, the rate of heat transfer by convection is 

4onv = hAAT = (15 W/m 2 ■ °C)(1.60 m 2 )(34-20)°C = 336 W 



2-102 A spherical ball whose surface is maintained at a temperature of 1 10°C is suspended in the middle of a room at 20°C. 
The total rate of heat transfer from the ball is to be determined. 

Assumptions 1 Steady operating conditions exist since the ball surface and 
the surrounding air and surfaces remain at constant temperatures. 2 The 
thermal properties of the ball and the convection heat transfer coefficient are 
constant and uniform. 

Properties The emissivity of the ball surface is given to be 8 = 0.8. 

Analysis The heat transfer surface area is 

A = kD 2 = k{ 0.09 m) 2 = 0.02545 m 2 

Under steady conditions, the rates of convection and radiation heat transfer are 
(2 conv = hAAT = (15 W/m 2 C)(0.02545 m 2 )(l 10 - 20) °C = 34.35 W 

e rad =eoA(T s 4 -r o 4 ) = 0.8(0.02545 m 2 )(5.67 x 10“ 8 W/m 2 •K 4 )[(383 K) 4 - (293 K) 4 ] = 16.33 W 

Therefore, 

G total = Gconv + G rad = 34.35 + 16.33 = 50.7 W 
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2-103 mtemi Reconsider Prob. 2-102. Using EES (or other) software, investigate the effect of the convection heat transfer 
coefficient and surface emissivity on the heat transfer rate from the ball. Let the heat transfer coefficient vary from 5 
W/m ,°C to 30 W/m“.°C. Plot the rate of heat transfer against the convection heat transfer coefficient for the surface 
emissivities of 0.1, 0.5, 0.8, and 1, and discuss the results. 

Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

D=0.09 [m] 

T_s=ConvertTemp(C,K,1 1 0) 
T_f=ConvertTemp(C,K,20) 
h=15 [W/m A 2-C] 
epsilon=0.8 

"Properties" 

sigma=5.67E-8 [W/m A 2-K A 4] 

"Analysis" 

A=pi*D A 2 

Q_dot_conv=h*A*(T_s-T_f) 
Q_dot_rad=epsilon*sigma*A*(T_s A 4-T_f A 4) 
Q dot total=Q dot conv+Q dot rad 


h 

[W/m 2 -C] 

Q total 

[W] 

5 

27.8 

7.5 

33.53 

10 

39.25 

12.5 

44.98 

15 

50.7 

17.5 

56.43 

20 

62.16 

22.5 

67.88 

25 

73.61 

27.5 

79.33 

30 

85.06 
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2-104 Hot air is blown over a flat surface at a specified temperature. The rate of heat transfer from the air to the plate is to 
be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat transfer by radiation 
is not considered. 3 The convection heat transfer coefficient is constant and 
uniform over the surface. 

Analysis Under steady conditions, the rate of heat transfer by convection is 

Gconv = hAAT 

= (55 W/m 2 • °C)(2 x 4 m 2 )(80 - 30)°C 

= 22,000 W = 22 kW 


> 80°C 

> Air 

-> 

> 

> 

30°C 


2-105 A 1000-W iron is left on the iron board with its base exposed to the air at 20°C. The temperature of the base of the 
iron is to be determined in steady operation. 


Assumptions 1 Steady operating conditions exist. 2 The thermal 
properties of the iron base and the convection heat transfer coefficient 
are constant and uniform. 3 The temperature of the surrounding 
surfaces is the same as the temperature of the surrounding air. 

Properties The emissivity of the base surface is given to be 8 = 0.6. 

Analysis At steady conditions, the 1000 W of energy supplied to the iron 
will be dissipated to the surroundings by convection and radiation heat 
transfer. Therefore, 

Gtotal = Gconv + 2rad = ^00 W 


Iron 



where 


G conv = liAAT = (35 W/m 2 • K)(0.02 m 2 )(7 s - 293 K) = 0.7(7; - 293 K) W 

Q rdd = eaA(T s 4 - r o 4 ) = 0.6(0.02 m 2 )(5.67 x 10~ 8 W/m 2 • K 4 )[T 4 - (293 K) 4 ] 
= 0.06804 x 10~ 8 [7; 4 -(293 K) 4 ] W 


Substituting, 

1000 W = 0.7(7; -293 K) + 0.06804 xl0~ s [T 4 -(293 K) 4 ] 


Solving by trial and error gives 

T s = 947 K = 674°C 


Discussion We note that the iron will dissipate all the energy it receives by convection and radiation when its surface 
temperature reaches 947 K. 
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2-106 The backside of the thin metal plate is insulated and the front side is exposed to solar radiation. The surface 
temperature of the plate is to be determined when it stabilizes. 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the insulated side of the plate is negligible. 3 The 
heat transfer coefficient is constant and uniform over the plate. 4 Heat loss by radiation is negligible. 

Properties The solar absorptivity of the plate is given to be a = 0.8. 

Analysis When the heat loss from the plate by convection equals the solar radiation absorbed, 
the surface temperature of the plate can be determined from 

^solarabsorbed — Qcon\ 

«G so lar = hA(T s - T o) 

0.8 x A x 450 W/m 2 = (50 W/m 2 ■ °C)A(T S - 25) 

Canceling the surface area A and solving for T s gives 

T s =32.2°C 


450 W/m 


a = 0.8 
25°C 

> 
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2-107 



Reconsider Prob. 2-106. Using EES (or other) software, investigate the effect of the convection heat transfer 


coefficient on the surface temperature of the plate. Let the heat transfer coefficient vary from 10 W/m ,°C to 90 W/m“.°C. 
Plot the surface temperature against the convection heat transfer coefficient, and discuss the results. 

Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

alpha=0.8 

q_dot_solar=450 [W/m A 2] 

T_f=25 [C] 
h=50 [W/m A 2-C] 

"Analysis" 

q_dot_solarabsorbed=alpha*q_dot_solar 
q_d ot_co n v= h * (T_s-T_f ) 
q_dot_solarabsorbed=q_dot_conv 


h 

[W/m 2 -C] 

T s 

[C] 

10 

61 

15 

49 

20 

43 

25 

39.4 

30 

37 

35 

35.29 

40 

34 

45 

33 

50 

32.2 

55 

31.55 

60 

31 

65 

30.54 

70 

30.14 

75 

29.8 

80 

29.5 

85 

29.24 

90 

29 



h (W/m 2 -^) 


2-108 A hot water pipe at 80°C is losing heat to the surrounding air at 5°C by natural convection with a heat transfer 
coefficient of 25 W/ nT.°C. The rate of heat loss from the pipe by convection is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat 
transfer by radiation is not considered. 3 The convection heat 
transfer coefficient is constant and uniform over the surface. 

Analysis The heat transfer surface area is 

A = ( kD)L = 3.14x(0.05 m)(10 m) = 1.571 m 2 

Under steady conditions, the rate of heat transfer by convection is 



80°C 


L - 1 0 m 


Air, 5°C 


e conv = hAAT = (25 W/m 2 -XX 1.571 m 2 )(80-5)°C = 2945 W=2.95 kW 
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2-109 A spacecraft in space absorbs solar radiation while losing heat to deep space by thermal radiation. The surface 
temperature of the spacecraft is to be determined when steady conditions are reached.. 


Assumptions 1 Steady operating conditions exist since the surface temperatures of the wall remain constant at the specified 
values. 2 Thermal properties of the spacecraft are constant. 


Properties The outer surface of a spacecraft has an emissivity of 0.6 and an 
absorptivity of 0.2. 

Analysis When the heat loss from the outer surface of the spacecraft by 
radiation equals the solar radiation absorbed, the surface temperature can be 
determined from 


^solar absorbed rad 

^Gsolar = eoA(T* -r s p ace ) 


0.2 X A X (1000 W/m 2 ) = 0.6 x A x (5.67 x 10 
Canceling the surface area A and solving for T s gives 


W/m 2 -K 4 )^ 4 - (OK) 4 ] 


T. = 276.9 K 




a = 0.2 
8 = 0.6 

> 
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2-110 Reconsider Prob. 2-109. Using EES (or other) software, investigate the effect of the surface emissivity and 

absorptivity of the spacecraft on the equilibrium surface temperature. Plot the surface temperature against emissivity for 
solar absorptivities of 0.1, 0.5, 0.8, and 1, and discuss the results. 

Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

epsilon=0.2 

alpha=0.6 

q_dot_solar=1000 [W/m A 2] 

T_f=0 [K] "space temperature" 

"Properties" 

sigma=5.67E-8 [W/m A 2-K A 4] 

"Analysis" 

q_dot_solarabsorbed=alpha*q_dot_solar 

q_dot_rad=epsilon*sigma*(T_s A 4-T_f A 4) 

q_dot_solarabsorbed=q_dot_rad 


8 

T s 

[K] 

0.1 

648 

0.2 

544.9 

0.3 

492.4 

0.4 

458.2 

0.5 

433.4 

0.6 

414.1 

0.7 

398.4 

0.8 

385.3 

0.9 

374.1 

1 

364.4 


Table for e = 1 
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2-111 A hollow spherical iron container is filled with iced water at 0°C. The rate of heat loss from the sphere and the rate 
at which ice melts in the container are to be determined. 


Assumptions 1 Steady operating conditions exist since the surface temperatures of the wall remain constant at the specified 
values. 2 Heat transfer through the shell is one-dimensional. 3 Thermal properties of the iron shell are constant. 4 The inner 
surface of the shell is at the same temperature as the iced water, 0°C. 


Properties The thermal conductivity of iron is k = 80.2 W/m-°C (Table 2-3). The heat of fusion of water is at 1 atm is 333.7 
kJ/kg. 


Analysis This spherical shell can be approximated as a plate of thickness 
0.4 cm and surface area 

A = 7rD 2 = 3. 14x(0.2 m) 2 = 0. 126 m 2 

Then the rate of heat transfer through the shell by conduction is 

A T (5 — Of°C 

Q cond =kA = (80.2 W/m-° C)(0.1 26 m 2 y — = 12,632 W 

L 0.004 m 



Considering that it takes 333.7 kJ of energy to melt 1 kg of ice at 0°C, the rate at which ice melts in the container can be 
determined from 


m = 
"nee 


Q 


h: 


if 


12.632 kJ/s 
333.7 kJ/kg 


0.038 kg/s 


Discussion We should point out that this result is slightly in error for approximating a curved wall as a plain wall. The error 
in this case is very small because of the large diameter to thickness ratio. For better accuracy, we could use the inner 
surface area ( D = 19.2 cm) or the mean surface area (D = 19.6 cm) in the calculations. 
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Review Problems 


2-112 A classroom has a specified number of students, instructors, and fluorescent light bulbs. The rate of internal heat 
generation in this classroom is to be determined. 

Assumptions 1 There is a mix of men, women, and children in the classroom. 2 The amount of light (and thus energy) 
leaving the room through the windows is negligible. 

Properties The average rate of heat generation from people seated in a room/office is given to be 100 W. 

Analysis The amount of heat dissipated by the lamps is equal to the amount of electrical energy consumed by the lamps, 
including the 10% additional electricity consumed by the ballasts. Therefore, 

Slighting = (Energy consumed per lamp) x (No. of lamps) 

= (40 W)(l.l)(18) = 792 W 

Gpeopie = (No. Of people) X 2 person = 56 x (100 W) = 5600 W 

Then the total rate of heat gain (or the internal heat load) of the 
classroom from the lights and people become 

(2 total = Slighting + Gpeople = 792 + 5600 = 6392 W 



2-113 A decision is to be made between a cheaper but inefficient natural gas heater and an expensive but efficient natural 
gas heater for a house. 

Assumptions The two heaters are comparable in all aspects other than the initial cost and efficiency. 

Analysis Other things being equal, the logical choice is the heater that will cost less during its lifetime. The total cost of a 
system during its lifetime (the initial, operation, maintenance, etc.) can be determined by performing a life cycle cost 
analysis. A simpler alternative is to determine the simple payback period. 

The annual heating cost is given to be $1200. Noting that the existing heater is 55% 
efficient, only 55% of that energy (and thus money) is delivered to the house, and the 
rest is wasted due to the inefficiency of the heater. Therefore, the monetary value of the 
heating load of the house is 

Cost of useful heat = (55%)(Current annual heating cost) 

= 0.55 x($ 1 200/yr)=$660/yr 

This is how much it would cost to heat this house with a heater that is 100% efficient. For heaters 
that are less efficient, the annual heating cost is determined by dividing $660 by the efficiency: 

82% heater: Annual cost of heating = (Cost of useful heat)/Efficiency = ($660/yr)/0.82 = $805/yr 

95% heater: Annual cost of heating = (Cost of useful heat)/Efficiency = ($660/yr)/0.95 = $695/yr 

Annual cost savings with the efficient heater = 805 - 695 = $110 

Excess initial cost of the efficient heater = 2700 - 1600 = $1100 


Gas Heater 
rj, = 82% 
r| 2 = 95% 


The simple payback period becomes 

t Excess initial cost 

Simple payback period = 

Annaul cost savings 


$1100 
$110/ yr 


10 years 


Therefore, the more efficient heater will pay for the $1100 cost differential in this case in 10 years, which is more than the 
8-year limit. Therefore, the purchase of the cheaper and less efficient heater is a better buy in this case. 
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2-114 A wind turbine is rotating at 20 rpm under steady winds of 30 km/h. The power produced, the tip speed of the blade, 
and the revenue generated by the wind turbine per year are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The wind turbine operates continuously during the entire year at the 
specified conditions. 


• • • • . 3 

Properties The density of air is given to be p = 1 .20 kg/m . 


Analysis ( a ) The blade span area and the mass flow rate of air 
through the turbine are 


A = ;r£> 2 / 4 = ;r(80 m) 2 / 4 = 5027 m 2 


V = (30 km/h) 


flOOOnO 

f lh ) 

V 1 km j 

V 3600 s J 


= 8.333 m/s 


m = p AV = (1.2 kg/m 3 )(5027m 2 )(8.333m/s) = 50,270 kg/s 


Noting that the kinetic energy of a unit mass is V / 2 and the wind turbine 
captures 35% of this energy, the power generated by this wind turbine 
becomes 



W = 7J 


r i \ 

— mV 2 
2 


= (0.35) - (50,270 kg/s)(8.333 m/s) 2 


1 kJ/kg 


2,2 


610.9 kW 


1000 m z /s 


( b ) Noting that the tip of blade travels a distance of n D per revolution, the tip velocity of the turbine blade for an rpm of h 
becomes 

V tip = 7rDh = ;r(80 m)(20/ min) = 5027 m/m in = 83.8 m/s = 302 km/h 


(c) The amount of electricity produced and the revenue generated per year are 

Electricity produced = WAt = (610.9 kW)(365 x 24 h/year) 

= 5.351xl0 6 kWh/year 

Revenue generated = (Electricity produced)(Unit price) = (5.35 1 x 10 6 kWh/year)($0. 06/kWh) 

= $321 ,100/year 
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2-115 A wind turbine is rotating at 20 rpm under steady winds of 20 km/h. The power produced, the tip speed of the blade, 
and the revenue generated by the wind turbine per year are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The wind turbine operates continuously during the entire year at the 
specified conditions. 


Properties The density of air is given to be p - 1.20 kg/m . 

Analysis ( a ) The blade span area and the mass flow rate of air through the 
turbine are 


A = ttD 2 / 4 = n( 80 m) 2 / 4 = 5027 m 2 


V = (20 km/h) 


f 1000 nO 

r ih 

v 1 km j 

v 3600s y 


= 5.556 m/s 


m = pAV = (1.2 kg/m 3 )(5027 m 2 )(5.556m/s) = 33,510kg/s 


• •• 9 •• 

Noting that the kinetic energy of a unit mass is V / 2 and the wind turbine 
captures 35% of this energy, the power generated by this wind turbine becomes 



W = rj 

( 1 > 

- mV 2 

= (0.35) - (33,5 10 kg/s )(6.944 m/s) 2 

f lkJ/kg ^ 


j 

2 

Ll000m 2 /s 2 J 


= 181.0 kW 


( b ) Noting that the tip of blade travels a distance of nD per revolution, the tip velocity of the turbine blade for an rpm of h 
becomes 

V tip = 7iDh = ;r(80m)(20/min) = 5027 m/m in = 83.8 m/s = 302 km/h 

(c) The amount of electricity produced and the revenue generated per year are 

Electricity produced = WAt = (181.0 kW)(365 x 24 h/year) 

= 1,585,535 kWh/year 

Revenue generated = (Electricity produced)(Unit price) = (1,585,535 kWh/year)($0. 06/kWh) 

= $95,1 30/year 
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2-116E The energy contents, unit costs, and typical conversion efficiencies of various energy sources for use in water 
heaters are given. The lowest cost energy source is to be determined. 

Assumptions The differences in installation costs of different water heaters are not considered. 

Properties The energy contents, unit costs, and typical conversion efficiencies of different systems are given in the 
problem statement. 

Analysis The unit cost of each Btu of useful energy supplied to the water heater by each system can be determined from 

T _ . . _ t Unit cost of energy supplied 

Unit cost or useful energy = 

Conversion efficiency 


Substituting, 
Natural gas heater. 


Electric heater. 


Unit cost of useful energy = 


$0. 012/ft 3 ' 


Heating by oil heater. Unit cost of useful energy = 


0.55 


$1.1 5/gal 


lft 


3 A 


= $21.3 xlO -6 /Btu 


0.55 


1025 Btu 

V 

Igal 
138,700 Btu 


A 


= $15.1xl0 -6 / Btu 


Unit cost of useful energy = 


$0. 084/kWh) 


0.90 


1 kWh 
3412 Btu 


A 


= $27.4xl0~ 6 / Btu 


Therefore, the lowest cost energy source for hot water heaters in this case is oil. 


2-117 A home owner is considering three different heating systems for heating his house. The system with the lowest 
energy cost is to be determined. 

Assumptions The differences in installation costs of different heating systems are not considered. 

Properties The energy contents, unit costs, and typical conversion efficiencies of different systems are given in the 
problem statement. 

Analysis The unit cost of each Btu of useful energy supplied to the house by each system can be determined from 

T _ . . _ t Unit cost of energy supplied 

Unit cost or useful energy = 

Conversion efficiency 


Substituting, 
Natural gas heater. 

Heating oil heater. 

Electric heater. 


Unit cost of useful energy = 


Unit cost of useful energy = 


Unit cost of useful energy = 


$1.24/therm 


0.87 


$ 1.25/gal 


1 therm 
105,500 kJ 


A 


= $13.5xlO“ 6 /kJ 


0.87 


lgal 


A 


1 38,500 kJ 


= $10.4x 10 -6 / kJ 


$0. 09/kWh) 


1.0 


1 kWh 
3600 kJ 


A 


= $25.0xl0 -6 / kJ 


Therefore, the system with the lowest energy cost for heating the house is the heating oil heater. 
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2-118 The heating and cooling costs of a poorly insulated house can be reduced by up to 30 percent by adding adequate 
insulation. The time it will take for the added insulation to pay for itself from the energy it saves is to be determined. 


Assumptions It is given that the annual energy usage of a house is $1200 a year, and 46% of it 
is used for heating and cooling. The cost of added insulation is given to be $200. 

Analysis The amount of money that would be saved per year is determined directly from 

Money saved = ($1200/year)(0.46)(0.30) = $166/yr 

Then the simple payback period becomes 

Cost $200 


Payback period = 


= 1 .2 yr 


Money saved $ 1 66/yr 

Therefore, the proposed measure will pay for itself in less than one and a half year. 


Heat loss 



House 


2-119 Caulking and weather-stripping doors and windows to reduce air leaks can reduce the energy use of a house by up to 
10 percent. The time it will take for the caulking and weather-stripping to pay for itself from the energy it saves is to be 
determined. 

Assumptions It is given that the annual energy usage of a house is $1 100 a year, and the cost of caulking and weather- 
stripping a house is $60. 

Analysis The amount of money that would be saved per year is determined directly from 
Money saved =($1100/ year)(0.10) = $110/ yr 

Then the simple payback period becomes 

Payback period = = = 0.546 yr 

Money saved $ 1 1 0/yr 

Therefore, the proposed measure will pay for itself in less than half a year. 


2-120E The energy stored in the spring of a railroad car is to be expressed in different units. 
Analysis Using appropriate conversion factors, we obtain 


(a) 

W = (50001bf -ft) 

(b) 

W =(50001bf -ft) 

(c) 

W =(5000 Ibf -ft) 


^ 32. 174 lbm-ft/s 2 ^ 


llbf 


0.33303 yd 


2/_2 


1 60,870 lbmfr/s 


N \ 


lft 

/ 

32. 174 lbm-ft/s 
llbf 


1665 Ibf yd 


2 V 1 mile Yf 3600 s 


5280 ft 


\2 


lh 


2/ U 2 


74,785 Ibm mile /h 
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2-121E The work required to compress a gas in a gas spring is to be determined. 

Assumptions All forces except that generated by the gas spring will be neglected. 

Analysis When the expression given in the problem statement is substituted into the work integral relation, and advantage is 
taken of the fact that the force and displacement vectors are collinear, the result is 




2-122E A man pushes a block along a horizontal plane. The work required to move the block is to be determined 
considering (a) the man and (b) the block as the system. 

Analysis The work applied to the block to overcome the friction is found by using the work integral, 


2 2 

W = ^Fds = ^fW{x 2 -x l ) 

1 1 

= (0.2)(100 lbf)(100 ft) 

= 2000 lbf • ft 

f 1 Rtu A 

= (2000 lbf • ft) = 2.57 Btu 

^778.169 lbf -ft 



The man must then produce the amount of work 


W 


W = 2.57 Btu 
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2-123 A diesel engine burning light diesel fuel that contains sulfur is considered. The rate of sulfur that ends up in the 
exhaust and the rate of sulfurous acid given off to the environment are to be determined. 

Assumptions 1 All of the sulfur in the fuel ends up in the exhaust. 2 For one kmol of sulfur in the exhaust, one kmol of 
sulfurous acid is added to the environment. 

Properties The molar mass of sulfur is 32 kg/kmol. 

Analysis The mass flow rates of fuel and the sulfur in the exhaust are 


m 


m fuel “ 


air 


(336 kg air/h) 


AF (1 8 kg air/kg fuel) 


= 18.67 kgfuel/h 


"'Sulfur = (750 x 10‘ 6 )m fuel = (750 x 1 0‘ 6 )( 1 8.67 kg/h) = 0.014 kg/h 
The rate of sulfurous acid given off to the environment is 


M 


m H2S03 “ 


H2S03 


M 


m Sulfur “ 


Sulfur 


2x1 + 32 + 3x16 
32 


(0.014 kg/h) = 0.036 kg/h 


Discussion This problem shows why the sulfur percentage in diesel fuel must be below certain value to satisfy regulations. 


2-124 Lead is a very toxic engine emission. Leaded gasoline contains lead that ends up in the exhaust. The amount of lead 
put out to the atmosphere per year for a given city is to be determined. 

Assumptions 35% of lead is exhausted to the environment. 

Analysis The gasoline consumption and the lead emission are 

Gasoline Consumption = (5000 cars)( 15,000 km/car - year)(8.5L/100 km) = 6.375 x 10 6 L/year 
Lead Emission = (GaohneConsumption)ra lead / lead 

= (6.375 x 10 6 L/year)(0.15 x 10‘ 3 kg/L)(0.35) 

= 335 kg/year 

Discussion Note that a huge amount of lead emission is avoided by the use of unleaded gasoline. 


2-125E The power required to pump a specified rate of water to a specified elevation is to be determined. 
Properties The density of water is taken to be 62.4 lbm/ft 3 (Table A-3E). 

Analysis The required power is determined from 


W = mg(z 2 ~ zO = pVg(z 2 -Zi) 


= (62.4 lbm/ft 3 )(200 gal/min) 


f 35.315 ft 3 /s 3 
15,850 gal/min 


= 8342 lbf • ft/s = (8342 lbf • ft/s) 


lkW 


737.56 lbf • ft/s 


(32. 174 ft/s 1 )(300 ft) 


= 11.3 kW 


1 lbf 


32.1741bm-ft/s 
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2-126 The power that could be produced by a water wheel is to be determined. 
Properties The density of water is taken to be 1000 m/kg (Table A-3). 
Analysis The power production is determined from 


W = mg(z 2 -Zi) = pVg(z 2 ~m) 


= (1000 kg/m 3 )(0.320/60m 3 /s)(9.81 m/s 2 )(14m) 


lkJ/kg 


2/2 


1000 m z /s 


0.732 kW 


2-127 The flow of air through a flow channel is considered. The diameter of the wind channel downstream from the rotor 
and the power produced by the windmill are to be determined. 

Analysis The specific volume of the air is 


RT (0.287 kPa • nr /kg • K)(293 K) AO/1AA 3/1 

v = = 0.8409 m /kg 

P lOOkPa 

The diameter of the wind channel downstream from the rotor is 
A 1 V 1 = A 2tY 2 ~ 


HttD 2 / A)V X = (nD\ /4)V 2 




10 m/s 
9 m/s 


= 7.38 m 


The mass flow rate through the wind mill is 
AjVj 7r(l m) 2 (10 m/s) 


m = 


4(0.8409 m 3 /kg) 


= 457.7 kg/s 



The power produced is then 


W = m 


V , 2 - V-? 


= (457.7 kg/s) 


(10 m/s) 2 -(9 m/s) 2 


1 ld/kg 
1000m 2 /s 2 


4.35 kW 
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2-128 The available head, flow rate, and efficiency of a hydroelectric turbine are given. The electric power output is to be 
determined. 

Assumptions 1 The flow is steady. 2 Water levels at the reservoir and the discharge site remain constant. 3 Frictional losses 
in piping are negligible. 

Properties We take the density of water to be p = 1000 kg/m = 1 kg/L. 

Analysis The total mechanical energy the water in a dam 
possesses is equivalent to the potential energy of water at the 
free surface of the dam (relative to free surface of discharge 
water), and it can be converted to work entirely. Therefore, the 
power potential of water is its potential energy, which is gz per 
unit mass, and mgz for a given mass flow rate. 

^mech = pe = gz = (9.81 m/s 2 )(90 m)( lkJ/kg 1 = 0.8829 kJ/kg 

VlOOOm /s 

The mass flow rate is 

m = p0 = (1000 kg/m 3 )(65 m 3 /s) = 65,000 kg/s 
Then the maximum and actual electric power generation become 

( 1 MW ) 

W max = E mec h = me mech = (65,000 kg/s)(0.8829 kJ/kg) = 57.39 MW 

y 1 000 k J / s y 

^electric = Coverall'Ll = 0.84(57.39 MW) = 48.2 MW 

Discussion Note that the power generation would increase by more than 1 MW for each percentage point improvement in 
the efficiency of the turbine-generator unit. 
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2-129 An entrepreneur is to build a large reservoir above the lake level, and pump water from the lake to the reservoir at 
night using cheap power, and let the water flow from the reservoir back to the lake during the day, producing power. The 
potential revenue this system can generate per year is to be determined. 

Assumptions 1 The flow in each direction is steady and incompressible. 2 The elevation difference between the lake and 
the reservoir can be taken to be constant, and the elevation change of reservoir during charging and discharging is 
disregarded. 3 Frictional losses in piping are negligible. 4 The system operates every day of the year for 10 hours in each 
mode. 


• • 3 

Properties We take the density of water to be p = 1000 kg/m . 

Analysis The total mechanical energy of water in an upper 
reservoir relative to water in a lower reservoir is equivalent to 
the potential energy of water at the free surface of this reservoir 
relative to free surface of the lower reservoir. Therefore, the 
power potential of water is its potential energy, which is gz per 
unit mass, and mgz for a given mass flow rate. This also 

represents the minimum power required to pump water from the 
lower reservoir to the higher reservoir. 



^max, turbine ^min, pump = Wideai = A£ mech = mAe mech = mApe = mgAz = pOgAz 


= (1000kg/m 3 )(2 m 3 /s)(9.81 m/s 2 )(40 m)i 


= 784.8 kW 


f 1N 1 

f lkW ^ 

v lkg-m/s 2 y 

V 1000 N- m/s J 


The actual pump and turbine electric powers are 




W: 


pump, elect 


*1 


ideal 


pump -motor 


784.8 kW 
0.75 


= 1046 kW 


^turbine = 7 turbine -gen ^ideal = 0.75(784.8 kW) = 588.6 kW 

Then the power consumption cost of the pump, the revenue generated by the turbine, and the net income (revenue minus 
cost) per year become 

Cost = W pump e ]ect x Unit price = (1046 kW)(365 x 10 h/year)($0. 03/kWh) = $1 14,500/year 


Reveue = W turbine Af x Unit price = (588.6 kW)(365x 10 h/year)($0.08/kWh) = $171, 900/year 

Net income = Revenue - Cost = 171,900 -1 14,500 = $57, 400/year 

Discussion It appears that this pump-turbine system has a potential to generate net revenues of about $57,000 per year. A 
decision on such a system will depend on the initial cost of the system, its life, the operating and maintenance costs, the 
interest rate, and the length of the contract period, among other things. 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



Fundamentals of Engineering (FE) Exam Problems 


2-64 


2-130 A 2-kW electric resistance heater in a room is turned on and kept on for 50 min. The amount of energy transferred to 
the room by the heater is 

(a) 2 kJ (b) 100 kJ (c) 3000 kJ (d) 6000 kJ (e) 12,000 kJ 

Answer (d) 6000 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


We= 2 "kJ/s" 
time=50*60 "s" 

We_total=We*time "kJ" 

"Some Wrong Solutions with Common Mistakes:" 
W1_Etotal=We*time/60 "using minutes instead of s" 
W2_Etotal=We "ignoring time" 


2-131 In a hot summer day, the air in a well-sealed room is circulated by a 0.50-hp (shaft) fan driven by a 65% efficient 
motor. (Note that the motor delivers 0.50 hp of net shaft power to the fan). The rate of energy supply from the fan-motor 
assembly to the room is 

(a) 0.769 kJ/s (b) 0.325 kJ/s (c) 0.574 kJ/s (d) 0.373 kJ/s (e) 0.242 kJ/s 

Answer (c) 0.574 kJ/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Eff=0.65 

W_fan=0. 50*0. 7457 "kW" 

E=W_fan/Eff "kJ/s" 

"Some Wrong Solutions with Common Mistakes:" 
W1_E=W_fan*Eff "Multiplying by efficiency" 
W2_E=W_fan "Ignoring efficiency" 
W3_E=W_fan/Eff/0.7457 "Using hp instead of kW" 
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2-132 A fan is to accelerate quiescent air to a velocity to 12 m/s at a rate of 3 m /min. If the density of air is 1.15 kg/m , the 
minimum power that must be supplied to the fan is 

(a) 248 W (b) 72 W (c) 497 W (d)216W (e) 162 W 

Answer (a) 248 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


rho=1.15 
V=1 2 

Vdot=3 "m3/s" 
mdot=rho*Vdot "kg/s" 

We=mdot*V A 2/2 

"Some Wrong Solutions with Common Mistakes:" 
W1 _We=Vdot*V A 2/2 "Using volume flow rate" 
W2_We=mdot*V A 2 "forgetting the 2" 
W3_We=V A 2/2 "not using mass flow rate" 


2-133 A 900-kg car cmising at a constant speed of 60 km/h is to accelerate to 100 km/h in 4 s. The additional power needed 
to achieve this acceleration is 

(a) 56 kW (b) 222 kW (c) 2.5 kW (d) 62 kW (e) 90 kW 

Answer (a) 56 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


m=900 "kg" 

VI =60 "km/h" 

V2=100 "km/h" 

Dt=4 "s" 

Wa=m*((V2/3.6) A 2-(V1/3.6) A 2)/2000/Dt "kW" 

"Some Wrong Solutions with Common Mistakes:" 
W1_Wa=((V2/3.6) A 2-(V1/3.6) A 2)/2/Dt "Not using mass" 
W2_Wa=m*((V2) A 2-(V1 ) A 2)/2000/Dt "Not using conversion factor" 
W3_Wa=m*((V2/3.6) A 2-(V1/3.6) A 2)/2000 "Not using time interval" 
W4 Wa=m*((V2/3.6)-(V1/3.6))/1000/Dt "Using velocities" 
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2-134 The elevator of a large building is to raise a net mass of 400 kg at a constant speed of 12 m/s using an electric motor. 
Minimum power rating of the motor should be 

(a) 0 kW (b) 4.8 kW (c) 47 kW (d) 12 kW (e) 36 kW 

Answer (c) 47 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


m=400 "kg" 

V=1 2 "m/s" 
g=9.81 "m/s2" 

Wg=m*g*V/1000 "kW" 

"Some Wrong Solutions with Common Mistakes:" 
W1_Wg=m*V "Not using g" 
W2_Wg=m*g*V A 2/2000 "Using kinetic energy" 
W3_Wg=m*g/V "Using wrong relation" 


2-135 Electric power is to be generated in a hydroelectric power plant that receives water at a rate of 70 m /s from an 
elevation of 65 m using a turbine-generator with an efficiency of 85 percent. When frictional losses in piping are 
disregarded, the electric power output of this plant is 

(a) 3.9 MW (b) 38 MW (c) 45 MW (d) 53 MW (e) 65 MW 

Answer (b) 38 MW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Vdot=70 "m3/s" 
z=65 "m" 
g=9.81 "m/s2" 

Eff=0.85 

rho=1000 "kg/m3" 

We=rho*Vdot*g*z*Eff/1 0 A 6 "MW" 

"Some Wrong Solutions with Common Mistakes:" 

W1 _We=rho*Vdot*z*Eff/1 0 A 6 "Not using g” 
W2_We=rho*Vdot*g*z/Eff/1 0 A 6 "Dividing by efficiency" 
W3_We=rho*Vdot*g*z/10 A 6 "Not using efficiency" 
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2-136 A 75 hp (shaft) compressor in a facility that operates at full load for 2500 hours a year is powered by an electric 
motor that has an efficiency of 93 percent. If the unit cost of electricity is $0. 06/kWh, the annual electricity cost of this 
compressor is 

(a) $7802 (b) $9021 (c) $12,100 (d) $8389 (e) $10,460 

Answer (b) $9021 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Wcomp=75 "hp" 

Hours=2500 “h/year” 

Eff=0.93 

price=0.06 “$/kWh” 

We=Wcomp*0.7457*Hours/Eff 

Cost=We*price 

"Some Wrong Solutions with Common Mistakes:" 

W1_cost= Wcomp*0.7457*Hours*price*Eff “multiplying by efficiency” 

W2_cost= Wcomp*Hours*price/Eff “not using conversion” 

W3_cost= Wcomp*Hours*price*Eff “multiplying by efficiency and not using conversion” 
W4_cost= Wcomp*0.7457*Hours*price “Not using efficiency” 


2-137 Consider a refrigerator that consumes 320 W of electric power when it is running. If the refrigerator runs only one 
quarter of the time and the unit cost of electricity is $0. 09/kWh, the electricity cost of this refrigerator per month (30 days) 
is 

(a) $3.56 (b) $5.18 (c) $8.54 (d) $9.28 (e) $20.74 

Answer (b) $5.18 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


We=0.320 "kW" 

Hours=0.25*(24*30) "h/year" 
price=0.09 "$/kWh" 

Cost=We*hours*price 

"Some Wrong Solutions with Common Mistakes:" 
W1_cost= We*24*30*price "running continuously" 
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2-138 A 2-kW pump is used to pump kerosene ( p = 0.820 kg/L) from a tank on the ground to a tank at a higher elevation. 
Both tanks are open to the atmosphere, and the elevation difference between the free surfaces of the tanks is 30 m. The 
maximum volume flow rate of kerosene is 

(a) 8.3 L/s (b) 7.2 L/s (c) 6.8 L/s (d) 12.1 L/s (e) 17.8 L/s 

Answer (a) 8.3 L/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


W=2 "kW" 
rho=0.820 "kg/L" 
z=30 "m" 
g=9.81 ,, m/s2" 

W=rho*Vdot*g*z/1 000 

"Some Wrong Solutions with Common Mistakes:" 
W=W1 _Vdot*g*z/1 000 "Not using density" 


2-139 A glycerin pump is powered by a 5-kW electric motor. The pressure differential between the outlet and the inlet of 
the pump at full load is measured to be 21 1 kPa. If the flow rate through the pump is 18 L/s and the changes in elevation 
and the flow velocity across the pump are negligible, the overall efficiency of the pump is 

(a) 69% (b) 72% (c) 76% (d) 79% (e) 82% 

Answer (c) 76% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


We=5 "kW" 

Vdot= 0.018 "m3/s" 
DP=21 1 "kPa" 
Emech=Vdot*DP 
Emech=Eff*We 
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2-140 A 10-cm high and 20-cm wide circuit board houses on its surface 100 closely spaced chips, each generating heat at a 
rate of 0.08 W and transferring it by convection to the surrounding air at 25 °C. Heat transfer from the back surface of the 
board is negligible. If the convection heat transfer coefficient on the surface of the board is 10 W/m~.°C and radiation heat 
transfer is negligible, the average surface temperature of the chips is 

(a) 26°C (b) 45 °C (c) 15°C (d) 80°C (e) 65°C 

Answer (e) 65°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


A=0. 10*0.20 "m A 2" 
Q= 100*0.08 "W" 
Tair=25 "C" 
h=10 "W/m A 2.C" 

Q= h*A*(Ts-Tair) "W" 


"Some Wrong Solutions with Common Mistakes:" 

Q= h*(W1_Ts-Tair) "Not using area" 

Q= h*2*A*(W2_Ts-Tair) "Using both sides of surfaces" 

Q= h*A*(W3_Ts+Tair) "Adding temperatures instead of subtracting" 
Q/1 00= h*A*(W4_Ts-Tair) "Considering 1 chip only" 


2-141 A 50-cm-long, 0.2-cm-diameter electric resistance wire submerged in water is used to determine the boiling heat 
transfer coefficient in water at 1 atm experimentally. The surface temperature of the wire is measured to be 130°C when a 
wattmeter indicates the electric power consumption to be 4. 1 kW. Then the heat transfer coefficient is 

(a) 43,500 W/m 2 .°C (b) 137 W/m 2 .°C (c) 68,330 W/m 2 .°C (d) 10,038 W/m 2 .°C 

(e) 37,540 W/m 2 .°C 

Answer (a) 43,500 W/m 2 .°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


L=0.5 "m" 

D=0.002 "m" 

A=pi*D*L "m A 2" 

We=4.1 "kW" 

Ts=130 "C" 

Tf=1 00 "C (Boiling temperature of water at 1 atm)" 

We= h*A*(Ts-Tf) "W" 

"Some Wrong Solutions with Common Mistakes:" 

We= W1_h*(Ts-Tf) "Not using area" 

We= W2_h*(L*pi*D A 2/4)*(Ts-Tf) "Using volume instead of area" 
We= W3_h*A*Ts "Using Ts instead of temp difference" 
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2-142 A 3-m hot black surface at 80°C is losing heat to the surrounding air at 25 °C by convection with a convection heat 
transfer coefficient of 12 W/m ,°C, and by radiation to the surrounding surfaces at 15°C. The total rate of heat loss from the 
surface is 

(a) 1987 W (b) 2239 W (c) 2348 W (d) 3451 W (e)3811W 

Answer (d) 3451 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


sigma=5.67E-8 "W/m A 2.K A 4" 

eps=1 

A=3 "m A 2" 

h_conv=12 "W/m A 2.C" 

Ts=80 "C" 

Tf=25 "C" 

Tsurr=15 "C" 

Q_conv=h_conv*A*(Ts-Tf) "W" 
Q_rad=eps*sigma*A*((Ts+273) A 4-(Tsurr+273) A 4) "W" 

Q_total=Q_conv+Q_rad "W" 

"Some Wrong Solutions with Common Mistakes:" 

W1_QI=Q_conv "Ignoring radiation" 

W2_Q=Q_rad "ignoring convection" 

W3_Q=Q_conv+eps*sigma*A*(Ts A 4-Tsurr A 4) "Using C in radiation calculations" 
W4_Q=Q_total/A "not using area" 


2-143 Heat is transferred steadily through a 0.2-m thick 8 m by 4 m wall at a rate of 2.4 kW. The inner and outer surface 
temperatures of the wall are measured to be 15°C to 5°C. The average thermal conductivity of the wall is 

(a) 0.002 W/m. °C (b) 0.75 W/m.°C (c)1.0W/m.°C (d)1.5W/m.°C (e) 3.0 W/m.°C 

Answer (d) 1.5 W/m.°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


A=8*4 "m A 2" 

L=0.2 "m" 

T1 =1 5 "C" 

T2=5 "C" 

02400 "W" 

Q=k*A*(T1 -T2)/L "W" 

"Some Wrong Solutions with Common Mistakes:" 

Q=W1 _k*(T 1 -T2)/L "Not using area" 

Q=W2_k*2*A*(T 1 -T2)/L "Using areas of both surfaces" 
Q=W3_k*A*(T1+T2)/L "Adding temperatures instead of subtracting" 
Q=W4_k*A*L*(T 1 -T2) "Multiplying by thickness instead of dividing by it" 
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2-144 The roof of an electrically heated house is 7 m long, 10 m wide, and 0.25 m thick. It is made of a flat layer of 
concrete whose thermal conductivity is 0.92 W/m.°C. During a certain winter night, the temperatures of the inner and outer 
surfaces of the roof are measured to be 15°C and 4°C, respectively. The average rate of heat loss through the roof that night 
was 

(a) 41 W (b) 177 W (c) 4894 W (d) 5567 W (e) 2834 W 

Answer (e) 2834 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


A=7*1 0 "m A 2" 

L=0.25 "m" 
k=0.92 "W/m.C" 

T1 =1 5 "C" 

T2=4 "C" 

Q_cond=k*A*(T 1 -T2)/L "W" 

"Some Wrong Solutions with Common Mistakes:" 

W1 _Q=k*(T 1 -T2)/L "Not using area" 

W2_Q=k*2*A*(T1 -T2)/L "Using areas of both surfaces" 
W3_Q=k*A*(T1+T2)/L "Adding temperatures instead of subtracting" 
W4_Q=k*A*L*(T 1 -T2) "Multiplying by thickness instead of dividing by it" 


2-145 ... 2-151 Design and Essay Problems 
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Thermodynamics: An Engineering Approach 

Seventh Edition 

Yunus A. Cengel, Michael A. Boles 
McGraw-Hill, 201 1 


Chapter 3 

PROPERTIES OF PURE SUBSTANCES 


PROPRIETARY AND CONFIDENTIAL 


This Manual is the proprietary property of The McGraw-Hill Companies, Inc. (“McGraw-Hill”) and 
protected by copyright and other state and federal laws. By opening and using this Manual the user 
agrees to the following restrictions, and if the recipient does not agree to these restrictions, the Manual 
should be promptly returned unopened to McGraw-Hill: This Manual is being provided only to 
authorized professors and instructors for use in preparing for the classes using the affiliated 
textbook. No other use or distribution of this Manual is permitted. This Manual may not be sold 
and may not be distributed to or used by any student or other third party. No part of this 
Manual may be reproduced, displayed or distributed in any form or by any means, electronic or 
otherwise, without the prior written permission of McGraw-Hill. 
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3-1C A liquid that is about to vaporize is saturated liquid; otherwise it is compressed liquid. 


3-2C A vapor that is about to condense is saturated vapor; otherwise it is superheated vapor. 


3-3C No. 


3-4C The temperature will also increase since the boiling or saturation temperature of a pure substance depends on 
pressure. 


3-5C Because one cannot be varied while holding the other constant. In other words, when one changes, so does the other 
one. 


3-6C At critical point the saturated liquid and the saturated vapor states are identical. At triple point the three phases of a 
pure substance coexist in equilibrium. 


3-7C Yes. 


3-8C Case (c) when the pan is covered with a heavy lid. Because the heavier the lid, the greater the pressure in the pan, and 
thus the greater the cooking temperature. 


3-9C At supercritical pressures, there is no distinct phase change process. The liquid uniformly and gradually expands into 
a vapor. At subcritical pressures, there is always a distinct surface between the phases. 
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3-10C A perfectly fitting pot and its lid often stick after cooking as a result of the vacuum created inside as the temperature 
and thus the corresponding saturation pressure inside the pan drops. An easy way of removing the lid is to reheat the food. 
When the temperature rises to boiling level, the pressure rises to atmospheric value and thus the lid will come right off. 


3-11C The molar mass of gasoline (C 8 H 18 ) is 1 14 kg/kmol, which is much larger than the molar mass of air that is 29 
kg/kmol. Therefore, the gasoline vapor will settle down instead of rising even if it is at a much higher temperature than the 
surrounding air. As a result, the warm mixture of air and gasoline on top of an open gasoline will most likely settle down 
instead of rising in a cooler environment 


3-12C Yes. Otherwise we can create energy by alternately vaporizing and condensing a substance. 


3-13C No. Because in the thermodynamic analysis we deal with the changes in properties; and the changes are 
independent of the selected reference state. 


3-14C The term h fg represents the amount of energy needed to vaporize a unit mass of saturated liquid at a specified 
temperature or pressure. It can be determined from hf g = h g - hf . 


3-15C Yes. It decreases with increasing pressure and becomes zero at the critical pressure. 


3-16C Yes; the higher the temperature the lower the hf g value. 


3-17C Quality is the fraction of vapor in a saturated liquid-vapor mixture. It has no meaning in the superheated vapor 
region. 


3-18C Completely vaporizing 1 kg of saturated liquid at 1 atm pressure since the higher the pressure, the lower the h fg . 


3-19C No. Quality is a mass ratio, and it is not identical to the volume ratio. 
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3-20C The compressed liquid can be approximated as a saturated liquid at the given temperature. Thus v T P = i ' f@r ■ 


3-21 C Ice can be made by evacuating the air in a water tank. During evacuation, vapor is also thrown out, and thus the 
vapor pressure in the tank drops, causing a difference between the vapor pressures at the water surface and in the tank. This 
pressure difference is the driving force of vaporization, and forces the liquid to evaporate. But the liquid must absorb the 
heat of vaporization before it can vaporize, and it absorbs it from the liquid and the air in the neighborhood, causing the 
temperature in the tank to drop. The process continues until water starts freezing. The process can be made more efficient 
by insulating the tank well so that the entire heat of vaporization comes essentially from the water. 


3-22 


Complete the following table for H 2 O’. 


T, °C 

P, kPa 

m 3 /kg 

Phase description 

50 

12.35 

7.72 

Saturated mixture 

143.6 

400 

0.4624 

Saturated vapor 

250 

500 

0.4744 

Superheated vapor 

110 

350 

0.001051 

Compressed liquid 
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Problem 3-22 is reconsidered. The missing properties of water are to be determined using EES, and the 


solution is to be repeated for refrigerant- 134a, refrigerant-22, and ammonia. 
Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

T[1]=50 [C] 
v[1 ]=7.72 [m A 3/kg] 

P[2]=400 [kPa] 
x [ 2]=1 

T[3]=250 [C] 

P[3]=500 [kPa] 

T[4]=1 1 0 [C] 

P[4]=350 [kPa] 

"Analysis" 

Fluid$='steam_iapws' "Change the Fluid to R134a, R22 and Ammonia and solve" 
P[1]=pressure(Fluid$, T=T[1], v=v[1 ]) 
x[1]=quality(Fluid$, T=T[1], v=v[1]) 

T[2]=temperature(Fluid$, P=P[2], x=x[2]) 
v[2]=volume(Fluid$, P=P[2], x=x[2]) 
v[3]=volume(Fluid$, P=P[3], T=T[3]) 
x[3]=quality(Fluid$, P=P[3], T=T[3]) 
v[4]=volume(Fluid$, P=P[4], T=T[4]) 
x[4]=quality(Fluid$, P=P[4], T=T[4]) 

"x = 100 for superheated vapor and x = -100 for compressed liquid" 


SOLUTION for water 


T [C] 

P [kPa] 

X 

v [kg/m 3 ] 

50.00 

12.35 

0.641 

9 

7.72 

143.6 

1 

400.00 

1 

0.4624 

250.0 

0 

500.00 

100 

0.4744 

110.0 

0 

350.00 

-100 

0.00105 

1 


SOLUTION for R-134a 


T [C] 

P [kPa] 

X 

v [kg/m 3 ] 

50.00 

3.41 

100 

7.72 

8.91 

400.00 

1 

0.0512 

250.0 

0 

500.00 

- 

- 

110.0 

0 

350.00 

100 

0.08666 
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SOLUTION for R-22 


T [C] 

P [kPa] 

X 

v [kg/m 3 ] 

50.00 

4.02 

100 

7.72 

-6.56 

400.00 

1 

0.05817 

250.0 

0 

500.00 

100 

0.09959 

110.0 

0 

350.00 

100 

0.103 


SOLUTION for Ammonia 


T [C] 

P [kPa] 

X 

v [kg/m 3 ] 

50.00 

20.40 

100 

7.72 

-1.89 

400.00 

1 

0.3094 

250.0 

0 

500.00 

100 

0.5076 

110.0 

0 

350.00 

100 

0.5269 


Steam 



Steam 
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h [kJ/kg] P [kPa] P [kPa] 
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v [m 3 /kg] 



Steam 



PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


3-8 


3-24E Complete the following table for If O: 


T, °F 

P, psia 

m, Btu/lbm 

Phase description 

300 

67.03 

782 

Saturated mixture 

267.22 

40 

236.02 

Saturated liquid 

500 

120 

1174.4 

Superheated vapor 

400 

400 

373.84 

Compressed liquid 


3-25E 



Problem 3-24E is reconsidered. The missing properties of water are to be determined using EES, and the 


solution is to be repeated for refrigerant-134a, refrigerant-22, and ammonia. 


Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

T[1]=300 [F] 
u[1]=782 [Btu/lbm] 

P[2]=40 [psia] 
x[2]=0 
T[3]=500 [F] 

P[3]=1 20 [psia] 

T[4]=400 [F] 

P[4]=420 [psia] 

"Analysis" 

Fluid$='steam_iapws' 

P[1]=pressure(Fluid$, T=T[1], u=u[1]) 
x[1]=quality(Fluid$, T=T[1], u=u[1]) ' 

T[2]=temperature(Fluid$, P=P[2], x=x[2]) 
u[2]=intenergy(Fluid$, P=P[2], x=x[2]) 
u[3]=intenergy(Fluid$, P=P[3], T=T[3]) 
x[3]=quality(Fluid$, P=P[3], T=T[3]) 
u[4]=intenergy(Fluid$, P=P[4], T=T[4]) 
x[4]=quality(Fluid$, P=P[4], T=T[4]) 

"x = 100 for superheated vapor and x = -100 for compressed liquid" 


Solution for steam 


T, 5 F 

P, psia 

X 

u, Btu/lbm 

300 

67.028 

0.6173 

782 

267.2 

40 

0 

236 

500 

120 

100 

1174 

400 

400 

-100 

373.8 
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3-26 Complete the following table for H 2 O: 


T, °C 

P, kPa 

h, kj/kg 

X 

Phase description 

120.21 

200 

2045.8 

0.7 

Saturated mixture 

140 

361.53 

1800 

0.565 

Saturated mixture 

177.66 

950 

752.74 

0.0 

Saturated liquid 

80 

500 

335.37 

— 

Compressed liquid 

350.0 

800 

3162.2 

— 

Superheated vapor 


3-27 Complete the following table for Refrigerant- 134a: 


T, °C 

P, kPa 

(/, m 3 /kg 

Phase description 

-12 

320 

0.000750 

Compressed liquid 

30 

770.64 

0.0065 

Saturated mixture 

18.73 

550 

0.03741 

Saturated vapor 

60 

600 

0.04139 

Superheated vapor 


3-28 Complete the following table for water: 


P, kPa 

r,° c 

(/, m 3 /kg 

h, kJ/kg 

Condition description and quality, if 
applicable 

200 

120.2 

0.8858 

2706.3 

x = 1, Saturated vapor 

270.3 

130 


1959.3 

x = 0.650, Two-phase mixture 

201.8 

400 

1.5358 

3277.0 

Superheated vapor 

800 

30 

0.001004* 

125.74* 

Compressed liquid 

450 

147.90 

- 

- 

Insufficient information 


Approximated as saturated liquid at the given temperature of 30°C 
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3-29E Complete the following table for Refrigerant- 134a: 


H 

o 

P, psia 

h , Btu/lbm 

X 

Phase description 

65.89 

80 

78 

0.566 

Saturated mixture 

15 

29.759 

69.92 

0.6 

Saturated mixture 

10 

70 

15.35 

— 

Compressed liquid 

160 

180 

129.46 

— 

Superheated vapor 

110 

161.16 

117.23 

1.0 

Saturated vapor 


3-30 A piston-cylinder device contains R-134a at a specified state. Heat is transferred to R-134a. The final pressure, the 
volume change of the cylinder, and the enthalpy change are to be determined. 


Analysis (a) The final pressure is equal to the initial pressure, which is determined from 


F*2 ~ P\ ~ ^atm 


+ ^ = 88kPa + (12kg)(9 ' 81m/s2)/ 


ttD 2 / 4 


n( 0.25 m)/4 


lkN 


lOOOkg.m/s 


90.4 kPa 


(b) The specific volume and enthalpy of R- 134a at the initial state of 90.4 kPa and -10°C and at the final state of 90.4 kPa 
and 15°C are (from EES) 

i/\ = 0.2302 m 3 /kg h x = 247.76 kJ/kg 

c/ 2 = 0.2544 m 3 /kg h 2 = 268.16 kJ/kg 

The initial and the final volumes and the volume change are 

(/, = mt / 1 =(0.85 kg)(0.2302m 3 /kg) = 0.1957m 3 R-134a < 

0.85 kg 

V 2 = m v 2 = (0.85 kg)(0.2544m7kg) = 0.2162 m 3 _ 10 °C 

A(/ = 0.2162-0.1957 = 0.0205 m 3 

(c) The total enthalpy change is determined from 

AH = m(h 2 -h x ) = (0.85 kg)(268. 16 - 247.76) kJ/kg = 1 7.4 kJ/kg 


R-134a 
0.85 kg 
-10°C 


3-31E The temperature of R- 134a at a specified state is to be determined. 

Analysis Since the specified specific volume is higher than t/ ? for 120 psia, this is a superheated vapor state. From R-134a 
tables, 


P = 120 psia 
{/ = 0.4619 ff 3 /lbm 


} T = 140°F (Table A-13E) 
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3-32 A rigid container that is filled with water is cooled. The initial temperature and the final pressure are to be determined. 


Analysis This is a constant volume process. The specific volume is 

V 0.150 m 3 


v \ =v 2 =_ = 


= 0.150 m J /kg 


m 1 kg 

The initial state is superheated vapor. The temperature is determined to be 


H 2 0 
2 MPa 
1 kg 
1 50 L 


P x = 2 MPa 
v x = 0.150 m 3 /kg 


T x =395°C (Table A -6) 


This is a constant volume cooling process («/= V!m = constant). The final 
state is saturated mixture and thus the pressure is the saturation pressure at 
the final temperature: 

T 2 = 40°C 

v 2 = V\ = 0.150 m 3 /kg 


r ^2 - ^sat@40°c -7.385 kPa (Table A -4) 



3-33 A rigid container that is filled with R-134a is heated. The final temperature and initial pressure are to be determined. 


Analysis This is a constant volume process. The specific volume is 


(/ 

m 


1.348m 3 
10 kg 


0.1348 m 3 /kg 


The initial state is determined to be a mixture, and thus the pressure is the 
saturation pressure at the given temperature 

= ^sat@-40°c =51.25kPa (Table A -11) 


The final state is superheated vapor and the temperature is determined by 
interpolation to be 


P 2 = 200 kPa 
t/ 2 = 0.1348 m 3 /kg 


T 2 = 66.3°C (Table A -13) 


R-134a 
-40°C 
10 kg 
1.348 m 3 
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3-34E Left chamber of a partitioned system contains water at a specified state while the right chamber is evacuated. The 
partition is now ruptured and heat is transferred to the water. The pressure and the total internal energy at the final state are 
to be determined. 

Analysis The final specific volume is 

i/ 2 = — L - TH — = 1 .5 ft 3 /lbm 
m 2 lbm 

At this specific volume and the final temperature, the state is a saturated 
mixture, and the pressure is the saturation pressure 

^2 = ^sat@ 300 °F - 67.03 psia (TableA-4E) 

The quality and internal energy at the final state are 

x _ v 2~ v f _ (1.5-0.01745) ft 3 /lbm _ Q ^ 

v fg (6.4663 -0.01745) ft 3 /lbm 

u 2 = Uj + x 2 Uj g = 269.5 1 + (0.2299)(830.25) = 460.38 Btu/lbm 

The total internal energy is then 

U 2 = mu 2 = (2 lbm)(460.38 Btu/lbm) = 920.8 Btu 



3-35 The enthalpy of R- 134a at a specified state is to be determined. 

Analysis The specific volume is 

v = — = 9m = 0.03m 3 /kg 
m 300 kg 

Inspection of Table A-l 1 indicates that this is a mixture of liquid and vapor. Using the properties at 10°C line, the quality 
and the enthalpy are determined to be 

v ~ v f (0.03- 0.0007930) m 3 /kg Q 6QQg 
v fg (0.049403- 0.0007930) m 3 /kg 

h = h f +xh fg = 65.43 + (0.6008)(1 90.73) = 180.02 kJ/kg 


3-36 The specific volume of R- 134a at a specified state is to be determined. 


Analysis Since the given temperature is higher than the saturation temperature for 200 kPa, this is a superheated vapor state. 
The specific volume is then 


P = 200 kPa 
T = 25°C 


i/ = 0.11646 m 3 /kg (Table A -13) 
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3-37E A spring-loaded piston-cylinder device is filled with R-134a. The water now undergoes a process until its volume 
increases by 40%. The final temperature and the enthalpy are to be determined. 

Analysis From Table A-l IE, the initial specific volume is 

v, = 1 / / +x 1 v fg =0.01 143 + (0.80X4.4300-0.01 143) = 3.5463 ft 3 /lbm 

and the initial volume will be 

(/, = mVl = (0.2 lbm)(3.5463ft 3 /lbm) = 0.7093 ft 3 
With a 40% increase in the volume, the final volume will be 
V 2 =1.41/, =1.4(0.7093 ft 3 ) = 0.9930 ft 3 
The distance that the piston moves between the initial and final conditions is 



Ar = 


AC/ AC/ 4(0.9930 -0.7093)ft 


A 


p 


ttD 2 / 4 


7l( 1 ft) 


= 0.3612 ft 


As a result of the compression of the spring, the pressure difference between the initial and final states is 


A P = 


A F kAx kAx 4(37 lbf/in)(0.36 12x12 in) 


A 


A 


7cD 2 / 4 


^■(12 in) 


= 1 .42 lbf/in 2 =1.42psia 


p p 

The initial pressure is 

p \ = p S at@-30°F = 9.87 psia (Table A-l IE) 

The final pressure is then 

p 2 =p ] + AP = 9.87 + 1.42 = 11.29 psia 

and the final specific volume is 

V 2 0.9930 ft 3 An , ea 3nu 

= — = = 4.965 ft /lbm 

m 0.2 lbm 

At this final state, the temperature and enthalpy are 


P 2 = 11.29 psia 
t/o = 4.965 ft 3 /lbm 


T x =81.5°F 
h x =119.9 Btu/lbm 


(from EES) 


Note that it is very difficult to get the temperature and enthalpy from Table A-13E accurately. 
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3-38E A piston-cylinder device that is filled with water is cooled. The final pressure and volume of the water are to be 
determined. 


Analysis The initial specific volume is 


,,=‘ 1 = 2-4264 gj = 2 , 4264ftMbm 

m 1 lbm 


This is a constant-pressure process. The initial state is determined to be superheated 
vapor and thus the pressure is determined to be 


T x = 600°F 

i/j = 2.4264 ft 3 /lbm 


P l =P 2 = 250 psia (Table A - 6E) 


The saturation temperature at 250 psia is 400. 1°F. Since the final temperature 
is less than this temperature, the final state is compressed liquid. Using the 
incompressible liquid approximation, 

1^2 = V /@ 2 oo°f = 0.01663 ft 3 /lbm (Table A- 4E) 


The final volume is then 



i/ 2 =mv 2 = (1 lbm)(0.01663ft 3 /lbm) = 0.01 663 ft 3 


3-39 A piston-cylinder device that is filled with R-134a is heated. The final volume is to be determined. 
Analysis This is a constant pressure process. The initial specific volume is 


V 

V\= — 
m 


1.595m 3 
10 kg 


0.1595 m 3 /kg 


The initial state is determined to be a mixture, and thus the pressure is the 
saturation pressure at the given temperature 

P\ = ^sat @ - 26 . 4 °c =100kPa (Table A -12) 



The final state is superheated vapor and the specific volume is 

P ? =100 kPa] . 

2 } i/ 9 = 0.30138 m 3 /kg (Table A -13) 

r 2 =m°c 2 

The final volume is then 

V 2 = mv 2 = (10kg)(0.30138m 3 /kg) = 3.0138 m 3 
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3-40E The total internal energy and enthalpy of water in a container are to be determined. 
Analysis The specific volume is 


3-15 


V 



2 ft 3 
1 lbm 


= 2 ft 3 /lbm 


At this specific volume and the given pressure, the state is a saturated mixture. 
The quality, internal energy, and enthalpy at this state are (Table A-5E) 

x - V ~ V f - - 0.01774) ft 3 /lbm 

v fg (4.4327 -0.01774) ft 3 /lbm 

u = u f + xu fg = 298.19 + (0.4490)(807.29) = 660.7 Btu/lbm 
h = h f +xh fg =298.51 + (0.4490X888.99) = 697.7 Btu/lbm 

The total internal energy and enthalpy are then 

U = mu - (1 lbm)(660.7 Btu/lbm) = 660.7 BtU 
H = mh = (1 lbm)(697.7 Btu/lbm) = 697.7 BtU 


Water 
100 psia 
2 ft 3 


3-41 The volume of a container that contains water at a specified state is to be determined. 


Analysis The specific volume is determined from steam tables by interpolation to be 


P = 100 kPa 
T = 250°C 


c/ = 2.4062 m 3 /kg (Table A -6) 


The volume of the container is then 


1/ = mv = (3 kg)(2.4062 m 3 /kg) = 7.22 m : 


Water 
3 kg 
100 kPa 
250°C 
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3-42 A rigid container that is filled with R-134a is heated. The temperature and total enthalpy are to be determined at the 
initial and final states. 

Analysis This is a constant volume process. The specific volume is 

1/ 0.014m 3 


V\ = V 2 = — = 

m 1 0 kg 


= 0.0014 m J /kg 


The initial state is determined to be a mixture, and thus the temperature is the 
saturation temperature at the given pressure. From Table A- 12 by interpolation 


^1 - ^sat@300kPa 


0.61 °C 


and 


i/, -i/ 


v, = 


/ 


(0.0014- 0.0007736) m 3 /kg 


= 0.009321 


</ 


■ fg (0.067978 - 0.0007736) m 7kg 
h x =h f + x x h fg = 52.67 + (0.009321)(198.13) = 54.52 kJ/kg 

The total enthalpy is then 

H x = mh x = (10 kg)(54.52 kJ/kg) = 545.2 kJ 

The final state is also saturated mixture. Repeating the calculations at this state, 

21 .55°C 


^2 _ ^sat@600kPa 


Vo = 


"I-"/ 

V 


(0.0014- 0.0008199) m 3 /kg 


= 0.01733 


■ fg (0.034295 - 0.0008199) m^ 7kg 

h 2 - h f +x 2 h fg = 81.51 + (0.0 1733)(1 80.90) = 84.64 kJ/kg 

H 2 = mh 2 = (10 kg)(84.64 kJ/kg) = 846.4 kJ 


R-134a 
300 kPa 
10 kg 
14 L 
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3-43 A piston-cylinder device that is filled with R-134a is cooled at constant pressure. The final temperature and the change 
of total internal energy are to be determined. 


Analysis The initial specific volume is 


1/ 

</i = — 

m 


12.322 m 3 

100 kg 


0. 12322 mVkg 


The initial state is superheated and the internal energy at this state is 


P x = 200 kPa 

i/ t = 0.12322 m 3 /kg 


=263.08 kJ/kg (Table A -13) 


The final specific volume is 


i/ 


2 



0.12322m 3 / kg 
2 


0.06161m 3 /kg 


This is a constant pressure process. The final state is determined to be saturated 
mixture whose temperature is 




^2 -^sat@ 200 kPa --10.09°C (Table A -12) 


The internal energy at the final state is (Table A- 12) 

V2~ v f (0.06161- 0.0007533) m 3 /kg „ ^ 
x 2 = = = 0.6140 

V fg (0.099867- 0.0007533) m 3 /kg 
u 2 =Uf+x 2 Uf g = 38.28 + (0.6140)(186.21) = 152.61 kJ/kg 


Hence, the change in the internal energy is 

A u = u 2 -u x =152.6 1-263.08 = -11 0.47 kJ/kg 
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3-44 A piston-cylinder device fitted with stops contains water at a specified state. Now the water is cooled until a final 
pressure. The process is to be indicated on the T-v diagram and the change in internal energy is to be determined. 


Analysis The process is shown on T-v diagram. The internal 
energy at the initial state is 


P { = 300 kPa 
T x = 250°C 


Kj =2728.9 kJ/kg (Table A -6) 


State 2 is saturated vapor at the initial pressure. Then, 
P 2 = 300 kPa 


x 2 = 1 (sat. vapor) 


v 2 = 0.6058 m /kg (Table A -5) 


Process 2-3 is a constant-volume process. Thus, 
P 3 = 1 00 kPa 


v 3 = 0.6058 m 3 /kg 


u 3 =1163.3 kJ/kg (Table A -5) 


The overall change in internal energy is 

A u = u x -u 3 =2728.9 -1163.3 =1566 kJ/kg 




3-45E The local atmospheric pressure, and thus the boiling temperature, changes with the weather conditions. The change 
in the boiling temperature corresponding to a change of 0.2 in of mercury in atmospheric pressure is to be determined. 


Properties The saturation pressures of water at 200 and 212°F are 1 1.538 and 14.709 psia, respectively (Table A-4E). One 
in. of mercury is equivalent to 1 inHg = 3.387 kPa = 0.491 psia (inner cover page). 

Analysis A change of 0.2 in of mercury in atmospheric pressure corresponds to 


AP = (0.2 inHg) 


0.491 psia 
linHg 


= 0.0982 psia 


At about boiling temperature, the change in boiling temperature per 1 psia change 
in pressure is determined using data at 200 and 212°F to be 


P ± 0.2 inHg 


AT 
A P 


(212 - 200)°F 
(14.709 -11.538) psia 


= 3.783 °F/psia 


Then the change in saturation (boiling) temperature corresponding to a change of 0.147 psia becomes 
ATboiling = (3.783 °F/psia)AP = (3.783 °F/psia)(0.0982 psia) = 0.37°F 


which is very small. Therefore, the effect of variation of atmospheric pressure on the boiling temperature is negligible. 
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3-46 A person cooks a meal in a pot that is covered with a well-fitting lid, and leaves the food to cool to the room 
temperature. It is to be determined if the lid will open or the pan will move up together with the lid when the person 
attempts to open the pan by lifting the lid up. 

Assumptions 1 The local atmospheric pressure is 1 atm = 101.325 kPa. 2 The weight of the lid is small and thus its effect 
on the boiling pressure and temperature is negligible. 3 No air has leaked into the pan during cooling. 

Properties The saturation pressure of water at 20°C is 2.3392 kPa (Table A-4). 

Analysis Noting that the weight of the lid is negligible, the reaction force F on the lid after cooling at the pan-lid interface 
can be determined from a force balance on the lid in the vertical direction to be 

PA +F = P atn A 


or, 


F = A(P at m-P)=(xD 2 /4)(P atm -P) 


^■(0.3 m) 


(101,325-2339.2) Pa 



2.3392 kPa 


6997 m 2 Pa = 6997 N (since 1 Pa = 1 N/m 2 ) 


P atm = 1 atm 


The weight of the pan and its contents is 


W = mg = (8kg)(9.81m/s 2 ) = 78.5 N 


which is much less than the reaction force of 6997 N at the pan-lid interface. Therefore, the pan will move up together with 
the lid when the person attempts to open the pan by lifting the lid up. In fact, it looks like the lid will not open even if the 
mass of the pan and its contents is several hundred kg. 


3-47 Water is boiled at 1 atm pressure in a pan placed on an electric burner. The water level drops by 10 cm in 45 min 
during boiling. The rate of heat transfer to the water is to be determined. 

Properties The properties of water at 1 atm and thus at a saturation temperature of T sat = 100°C are h ig = 2256.5 kJ/kg and 
i / f = 0.001043 m 3 /kg (Table A-4). 

Analysis The rate of evaporation of water is 


m 


I'cvap _ (kD 2 / 4)L _ [/r(0.25 m) 2 / 4](0. 10 m) _ 


evap 


1 / 


/ 


1 / 


/ 


0.001043 


= 4.704 kg 


m 


evap 


_'»evap _ 4.704kg =0 001742kg/s 


At 45 x 60 s 
Then the rate of heat transfer to water becomes 


H 2 0 
1 atm 


Q = m evap h f g = (0.001742 kg/s)(2256.5 kJ/kg) = 3.93 kW 
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3-48 Water is boiled at a location where the atmospheric pressure is 79.5 kPa in a pan placed on an electric burner. The 
water level drops by 10 cm in 45 min during boiling. The rate of heat transfer to the water is to be determined. 

Properties The properties of water at 79.5 kPa are r sat = 93.3°C, /ifg = 2273.9 kJ/kg and </ f = 0.001038 m 3 /kg (Table A-5). 

Analysis The rate of evaporation of water is 


{/ 


m 


m 


evap 


{jiD 2 / 4)L [^(0.25 m) 2 /4](0.10m) 


evap 


evap 


1 / 


/ 


1 / 


/ 


0.001038 


= 4.727 kg 


m 


evap 4.727 kg 


= 0.001751 kg/s 


At 45 x 60 s 
Then the rate of heat transfer to water becomes 


H 2 0 
79.5 kPa 


Q = thevaph fg = (0.001751 kg/s)(2273. 9 kJ/kg) = 3.98 kW 


3-49 Saturated steam at T sat = 40°C condenses on the outer surface of a cooling tube at a rate of 130 kg/h. The rate of heat 
transfer from the steam to the cooling water is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The condensate leaves the condenser as a saturated liquid at 30°C. 


Properties The properties of water at the saturation temperature of 40°C are h fg = 2406.0 kJ/kg (Table A-4). 


Analysis Noting that 2406.0 kJ of heat is released as 1 kg of saturated 
vapor at 40°C condenses, the rate of heat transfer from the steam to 
the cooling water in the tube is determined directly from 

Q = ™cvap h fg 

= (130 kg/h)(2406.0 kJ/kg) = 3 12,780 kJ/h 

= 86.9 kW 


40°C 


A 


L = 35 m 


D = 3 cm 


v 
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3-50 The boiling temperature of water in a 5 -cm deep pan is given. The boiling temperature in a 40-cm deep pan is to be 
determined. 

Assumptions Both pans are full of water. 

Properties The density of liquid water is approximately p = 1000 kg/m 3 . 


Analysis The pressure at the bottom of the 5 -cm pan is the saturation 
pressure corresponding to the boiling temperature of 98°C: 


p = p = 94.39 kPa 

sat@98 C 


AP = pgh = (1000 kg/m 3 )(9. 807 m/s 2 )(0.35 m) 


(Table A-4) 

The pressure difference between the bottoms of two pans is 

1 kPa 

1000 kg/m-s 

Then the pressure at the bottom of the 40-cm deep pan is 
P = 94.39 + 3.43 = 97.82 kPa 
Then the boiling temperature becomes 


5 cm 


A 



40 cm 


= 3.43 kPa 


^boiling “ ^sat@97.82 kPa “ 99.0°C (Table A-5) 


3-51 A vertical piston-cylinder device is filled with water and covered with a 20-kg piston that serves as the lid. The 
boiling temperature of water is to be determined. 

Analysis The pressure in the cylinder is determined from a force balance on the piston, 


PA = P atm A + W 


or, 


P = P + 

1 1 atm ^ 


mg_ 

A 


= (100 kPa) + 
= 1 19.61 kPa 


(20 kg)(9.81m/sV 


0.01 nr 


1 kPa 


1000 kg/m-s' 



The boiling temperature is the saturation temperature corresponding to this pressure, 
^ = ^sat@i 19.61 kPa = ^ 04.7°C (Table A-5) 
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3-52 A rigid tank that is filled with saturated liquid-vapor mixture is heated. The temperature at which the liquid in the tank 
is completely vaporized is to be determined, and the T-u diagram is to be drawn. 


Analysis This is a constant volume process («/= C//m = constant), and 
the specific volume is determined to be 


(/ 1.8 m 3/I 

v = — = = 0. 12 m /kg 

m 1 5 kg 


H 2 0 

90°C 


When the liquid is completely vaporized the tank will contain 
saturated vapor only. Thus, 

i/ 2 = v g = 0.12 m 3 /kg 

The temperature at this point is the temperature that corresponds to 
this i/ ? value, 

T=T u ftl0 3/ . = 202.9 °C (Table A-4) 

sat@v =0.12 m /kg v 7 




3-53 A piston-cylinder device contains a saturated liquid-vapor mixture of water at 800 kPa pressure. The mixture is 

heated at constant pressure until the temperature rises to 200°C. The initial temperature, the total mass of water, the final 
volume are to be determined, and the P-v diagram is to be drawn. 

Analysis (a) Initially two phases coexist in equilibrium, thus we have a saturated liquid-vapor mixture. Then the 
temperature in the tank must be the saturation temperature at the specified pressure, 


r = r. 


158.8°C 


sat@600 kPa 

(b) The total mass in this case can easily be determined by adding the mass of each phase, 


V 


m, = 


f 


0.005 m 


c// 0.001 101 m7kg 


= 4.543 kg 


m g = 


1/ 


v 


0.9 m 


= 2.852 kg 


0.3156 m7kg 
m t = m f + m g = 4.543 + 2.852 = 7.395 kg 

(c) At the final state water is superheated vapor, and its specific volume is 
P 2 = 600 kPa 



T 2 = 200°C 


i/ 2 =0.3521 m 7kg (Table A-6) 


Then, 


> v 


v 2 =m, v 2 = (7.395 kg)(0.3521m 3 /kg) = 2.604 m : 
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3-54 ■ SrfW Problem 3-53 is reconsidered. The effect of pressure on the total mass of water in the tank as the pressure 
varies from 0. 1 MPa to 1 MPa is to be investigated. The total mass of water is to be plotted against pressure, and results are 
to be discussed. 


Analysis The problem is solved using EES, and the solution is given below. 


P[1]=600 [kPa] 

P[2]=P[1] 

T[2]=200 [C] 

V_f1 = 0.005 [m A 3] 

V_g1=0.9 [m A 3] 

spvsat_f1=volume(Steam_iapws, P=P[1],x=0) "sat. liq. specific volume, m A 3/kg" 

spvsat_g1=volume(Steam_iapws,P=P[1],x=1) "sat. vap. specific volume, m A 3/kg" 

m_f1=V_f1/spvsat_f1 "sat. liq. mass, kg" 

m_g1=V_g1/spvsat_g1 "sat. vap. mass, kg" 

m_tot=m_f1 +m_g1 

V[1]=V_f1+V_g1 

spvol[1]=V[1]/m_tot "specific volumel , m A 3" 

T[1 ]=temperature(Steam_iapws, P=P[1 ],v=spvol[1 ])"C" 

"The final volume is calculated from the specific volume at the final T and P" 
spvol[2]=volume(Steam_iapws, P=P[2], T=T[2]) "specific volume2, m A 3/kg" 
V[2]=m_tot*spvol[2] 


Steam | APWS 


Pj [kPa] 

m, ot [kg] 

100 

5.324 

200 

5.731 

300 

6.145 

400 

6.561 

500 

6.978 

600 

7.395 

700 

7.812 

800 

8.23 

900 

8.648 

1000 

9.066 


9.5 
9 

8.5 
8 

O) 7.5 
2 7 

E 

6.5 
6 

5.5 


re 

CL 



v [m /kg] 


100 200 300 400 500 600 700 800 900 1000 


Pi [kPa] 
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3-55E Superheated water vapor cools at constant volume until the temperature drops to 250°F. At the final state, the 
pressure, the quality, and the enthalpy are to be determined. 

Analysis This is a constant volume process (c/= i Vm = constant), and the initial specific volume is determined to be 


P x = 180 psia 
T x = 500°F 


c/, = 3.0433 fr/lbm 


(Table A-6E) 


At 250°F, c/f = 0.01700 ft 3 /lbm and i/ g = 13.816 ft 3 /lbm. Thus at the 
final state, the tank will contain saturated liquid-vapor mixture since 
c/f < c/< c/ g , and the final pressure must be the saturation pressure at 
the final temperature, 

P = P S at@250-F = 29 M P Si£l 

(/?) The quality at the final state is determined from 


*2 = 


^2 -Vf _ 3.0433-0.01700 
c/ ~ 13.816-0.01700 


= 0.219 


(c) The enthalpy at the final state is determined from 

h = h f 4 -xh fg =218.63 + 0.219x945.41 = 426.0 Btu/lbm 
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3-56E mr ™ Problem 3-55E is reconsidered. The effect of initial pressure on the quality of water at the final state as the 
pressure varies from 100 psi to 300 psi is to be investigated. The quality is to be plotted against initial pressure, and the 
results are to be discussed. 


Analysis The problem is solved using EES, and the solution is given below. 


T[1]=500 [F] 

P[1 ]=1 80 [psia] 

T[2]=250 [F] 

v[ 1]=volume(steam_iapws,T=T[1],P=P[1]) 
v[2]=v[1] 

P[2]=pressure(steam_iapws,T=T[2],v=v[2]) 

h[2]=enthalpy(steam_iapws,T=T[2],v=v[2]) 

x[2]=quality(steam_iapws,T=T[2],v=v[2]) 


Steam 



Pi 

[psia] 

X 2 

100 

0.4037 

122.2 

0.3283 

144.4 

0.2761 

166.7 

0.2378 

188.9 

0.2084 

211.1 

0.1853 

233.3 

0.1665 

255.6 

0.151 

277.8 

0.1379 

300 

0.1268 



P[1] [psia] 
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3-57 The properties of compressed liquid water at a specified state are to be determined using the compressed liquid tables, 
and also by using the saturated liquid approximation, and the results are to be compared. 

Analysis Compressed liquid can be approximated as saturated liquid at the given temperature. Then from Table A-4, 

r=80°C => 1 / = i/ f @80 o C = 0.001029 m 3 /kg (0.90% error) 

u = u /@80°c - 334.97 kJ/kg (1 .35% error) 
h = hj @ 80 o C =335.02 kJ/kg (4.53 % error) 


From compressed liquid table (Table A-7), 


P = 20 MPa 

r = 80°c 


t/ = 0.00102 m 3 /kg 

U =330.50 kJ/kg 
J h = 350.90 kJ/kg 


The percent errors involved in the saturated liquid approximation are listed above in parentheses. 
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3-58 



Problem 3-57 is reconsidered. Using EES, die indicated properties of compressed liquid are to be determined, 


and they are to be compared to those obtained using the saturated liquid approximation. 
Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

T=80 [C] 

P=20000 [kPa] 

"Analysis" 

Fluid$='steam_iapws' 

"Saturated liquid assumption" 
v_f=volume(Fluid$, T=T, x=0) 
u_f=intenergy(Fluid$, T=T, x=0) 
h_f=enthalpy(Fluid$, T=T, x=0) 

"Compressed liquid treatment" 
v=volume(Fluid$, T=T, P=P) 
u=intenergy(Fluid$, T=T, P=P) 
h=enthalpy(Fluid$, T=T, P=P) 

"Percentage Errors" 
error_v=1 00*(v_f-v)/v 
error_u=1 00*(u_f-u)/u 
error_h=1 00*(h-h_f)/h 


SOLUTION 
error_h=4.527 
error_u=1 .351 
error_v=0.8987 
Fluid$='steam_iapws' 
h=350.90 [kJ/kg] 
h_f=335.02 [kJ/kg] 
P=20000 [kPa] 

T=80 [C] 
u=330.50 [kJ/kg] 
u_f=334.97 [kJ/kg] 
v=0. 00102 [m A 3/kg] 
v_f=0.001029 [m A 3/kg] 
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3-59 Superheated steam in a piston-cylinder device is cooled at constant pressure until half of the mass condenses. The final 
temperature and the volume change are to be determined, and the process should be shown on a T-v diagram. 


Analysis ( b ) At the final state the cylinder contains saturated liquid- 
vapor mixture, and thus the final temperature must be the saturation 
temperature at the final pressure, 

T = T sat @i MPa = 1 79.88°C (Table A-5) 

(c) The quality at the final state is specified to be x 2 = 0.5. The specific 
volumes at the initial and the final states are 


P x = 1.0 MPa 
T x = 300°C 

P 2 =1.0 MPa 
* 2 = 0.5 


i/ L = 0.25799 m 3 /kg (Table A-6) 
v 2 = v f +x 2 v fg 

= 0.001 127 + 0.5 X (0. 19436 - 0.001 127) 
= 0.09775 m 3 /kg 


Thus, 

A (/ = m(v 2 -</,) = (0.8 kg)(0. 09775 - 0.257 99)m 3 /kg = -0.1 282 m 3 




3-60 The water in a rigid tank is cooled until the vapor starts condensing. The initial pressure in the tank is to be 
determined. 


Analysis This is a constant volume process (i/= C //m = constant), and the 
initial specific volume is equal to the final specific volume that is 


c/j = c/ 2 = v g @ i 24 °c = 0.79270 m 3 /kg (Table A-4) 


since the vapor starts condensing at 150°C. Then from 
Table A-6, 


Ti 

"l 


= 250°C 

= 0.79270 m 3 /kg 


\ P x = 0.30 MPa 


h 2 o 

T x = 250°C 

^i = ? 
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3-61 Heat is supplied to a piston-cylinder device that contains water at a specified state. The volume of the tank, the final 
temperature and pressure, and the internal energy change of water are to be determined. 

Properties The saturated liquid properties of water at 200°C are: if = 0.001 157 m 3 /kg and u f = 850.46 kJ/kg (Table A-4). 
Analysis (a) The cylinder initially contains saturated liquid water. The volume of the cylinder at the initial state is 

t/, = mt / 1 = (1.4 kg)(0.001 157 m 3 /kg) = 0.001619 m 3 


The volume at the final state is 

V = 4(0.001619) = 0.006476 m 3 


(b) The final state properties are 

{/ 0.006476 m 3 

= — = 

m l-4kg 


= 0.004626 m 3 /kg 



(/- 


*2 


= 0.004626 m 3 /kg 
= 1 


r 2 = 371.3 °C 
P 2 =21,367 kPa 

u 2 = 2201.5 kJ/kg 


(Table A-4 or A-5 or EES) 


(c) The total internal energy change is determined from 

A U = m(u 2 - iij ) = ( 1.4 kg)(220 1 .5 - 850.46) kJ/kg = 1 892 kJ 


3-62E The error involved in using the enthalpy of water by the incompressible liquid approximation is to be determined. 
Analysis The state of water is compressed liquid. From the steam tables, 


P = 1500 psia 
T = 400°F 


\h = 376.51 Btu/lbm (TableA-7E) 


Based upon the incompressible liquid approximation, 


P = 1500 psia 
T = 400°F 


h = h 


f@ 400°F 


375.04 Btu/lbm (TableA-4E) 


The error involved is 


Percent Error = 376,51 375,04 x 100 = 0.39% 

376.51 


which is quite acceptable in most engineering calculations. 
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3-63 The errors involved in using the specific volume and enthalpy of water by the incompressible liquid approximation are 
to be determined. 


Analysis The state of water is compressed liquid. From the steam tables, 

P = 20 MPal t, = 0.0010679 m 3 /kg A 

> (Table A -7) 

T = 140°C h = 602.01 kJ/kg 


Based upon the incompressible liquid approximation, 

v = v f @ l40 o C = 0.001080 m 3 /kg 


P = 20 MPa 
T = 140°C 

The errors involved are 


f ' a ° (Table A -4) 

h = hj @ 140 o C =589.16 kJ/kg 


Percent Error (specific volume) = °- 0010679 0-001080 x 100 = -1 .1 3% 


Percent Error (enthalpy) = 


0.0010679 

602.07-589.16 


x 100 = 2.14% 


602.07 

which are quite acceptable in most engineering calculations. 


3-64 A piston-cylinder device that is filled with R-134a is heated. The volume change is to be determined. 
Analysis The initial specific volume is 


P x = 60 kPa 
T, = -20°C 


t/j = 0.33608 m 3 /kg (Table A -13) 


and the initial volume is 


V x = mv = (0. 100 kg)(0.33608 m 3 /kg) = 0.033608 m 3 


At the final state, we have 


P 2 = 60 kPa 
T 2 =100°C 


t/ 2 = 0.50410 m 3 /kg (Table A -13) 


l/ 2 = m i/ 2 =(0.100kg)(0.50410m 3 /kg) = 0.050410 m 3 
The volume change is then 

A(/ = (/, -V x =0.050410-0.033608 = 0.0168 m 3 
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3-65 A rigid vessel is filled with refrigerant- 134a. The total volume and the total internal energy are to be determined. 
Properties The properties of R- 134a at the given state are (Table A- 13). 

P = 800 kPa 1 u = 327.87 kJ/kg 
r=120°C J t/ = 0.037625 m 3 /kg 

Analysis The total volume and internal energy are determined from 

1/ = mi/ = (2 kg)(0. 037625 m 3 /kg) = 0.0753 m 3 
U = mu = (2 kg)(327.87 kJ/kg) - 655.7 kj 


R-134a 
2 kg 
800 kPa 
120°C 


3-66 A rigid vessel contains R-134a at specified temperature. The pressure, total internal energy, and the volume of the 
liquid phase are to be determined. 


Analysis ( a ) The specific volume of the refrigerant is 


v = — = 0,5 m = 0.05 m 3 /kg 
m 10 kg 


At -20°C, t/f = 0.0007362 m 3 /kg and t/ g = 0. 14729 m 3 /kg (Table A-l 1). Thus the tank 
contains saturated liquid-vapor mixture since i/ f < (/< i/ g , and the pressure must be the 
saturation pressure at the specified temperature, 


R-134a 
10 kg 
-20°C 


P = P 


sat@-20 C 


= 132.82 kPa 


(b) The quality of the refrigerant- 134a and its total internal energy are determined from 


0.05-0.0007362 

x = — = = 0.3361 

v fg 0.14729-0.0007362 

u — u f +xu fg =25.39 + 0.3361x193.45 = 90.42 kJ/kg 

U = mu = (10 kg)(90.42 kJ/kg) = 904.2 kj 


(c) The mass of the liquid phase and its volume are determined from 
m f = (l — x)m t = (1- 0.3361) x 10 = 6.639 kg 
V f = m f v f = (6.639 kg)(0.0007362 m 3 /kg) = 0.00489 m 3 
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3-67 



The Pessure-Enthalpy diagram of R- 1 34a showing some constant-temperature and constant-entropy lines are 


obtained using Property Plot feature of EES. 



Q. 



h [kJ/kg] 


3-68 A rigid vessel that contains a saturated liquid-vapor mixture is heated until it reaches the critical state. The mass of the 
liquid water and the volume occupied by the liquid at the initial state are to be determined. 

Analysis This is a constant volume process ((/= i//m = constant) to the critical state, and thus the initial specific volume 
will be equal to the final specific volume, which is equal to the critical specific volume of water, 


v { =v 2 = v cr - 0.003 106 nr /kg (last row of Table A-4) 

The total mass is 


V 

m = — = 


0.3 m 


0.003106 m /kg 


= 96.60 kg 


At 150°C, i/ f = 0.001091 m 3 /kg and i/ g = 0.39248 m 3 /kg (Table A- 
4). Then the quality of water at the initial state is 


i/, -(/ 


v, = 


/ 0.003106-0.001091 


v 


fg 


0.39248-0.001091 


= 0.005149 



Then the mass of the liquid phase and its volume at the initial state are determined from 



m f =(1 -x x )m t = (1-0.005149)(96.60) = 96.10 kg 
V f = m f v f = (96.10 kg)(0. 001091 m 3 /kg) = 0.105 m 3 
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Ideal Gas 


3-69C Mass m is simply the amount of matter; molar mass M is the mass of one mole in grams or the mass of one kmol in 
kilograms. These two are related to each other by m = NM, where N is the number of moles. 


3-70C A gas can be treated as an ideal gas when it is at a high temperature or low pressure relative to its critical 
temperature and pressure. 


3-71 C R u is the universal gas constant that is the same for all gases whereas R is the specific gas constant that is different 
for different gases. These two are related to each other by R = R u / M, where M is the molar mass of the gas. 


3-72C Propane (molar mass = 44. 1 kg/kmol) poses a greater fire danger than methane (molar mass =16 kg/kmol) since 
propane is heavier than air (molar mass = 29 kg/kmol), and it will settle near the floor. Methane, on the other hand, is 
lighter than air and thus it will rise and leak out. 


3-73 The specific volume of nitrogen at a specified state is to be determined. 
Assumptions At specified conditions, nitrogen behaves as an ideal gas. 
Properties The gas constant of nitrogen is R = 0.2968 kJ/kg-K (Table A-l). 
Analysis According to the ideal gas equation of state, 

RT (0.2968 kPa-m 3 /kg-K)(227 + 273 K) „ ^ 3 „ 

i/ = — = — = 0.495 nr/kg 

P 300 kPa 


3-74E The temperature in a container that is filled with oxygen is to be determined. 
Assumptions At specified conditions, oxygen behaves as an ideal gas. 

Properties The gas constant of oxygen is R = 0.3353 psia-ft 3 /lbm R (Table A- IE). 
Analysis The definition of the specific volume gives 

v = y = = i .5 f t 3 /i bm 
m 2 lbm 

Using the ideal gas equation of state, the temperature is 

T= p v = (80 psia)(l,5 ft 3 /lbm) = 35g R 
^ 0.3353 psia -ft 3 /lbm-R 
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3-75 The volume of a container that is filled with helium at a specified state is to be determined. 
Assumptions At specified conditions, helium behaves as an ideal gas. 

Properties The gas constant of helium is R = 2.0769 kJ/kg-K (Table A-l). 

Analysis According to the ideal gas equation of state, 

(# mRT (2 kg)(2.0769 kPa • m 3 /kg • K)(27 + 273 K) _ ^ ^ ^ 

P 300 kPa 


3-76 A balloon is filled with helium gas. The mole number and the mass of helium in the balloon are to be determined. 
Assumptions At specified conditions, helium behaves as an ideal gas. 

Properties The universal gas constant is R u = 8.3 14 kPa.mVkmol.K. The molar mass of helium is 4.0 kg/kmol (Table A-l). 


Analysis The volume of the sphere is 

(/ = — 7rr 3 4.5 m) 3 =381.7 m 3 
3 3 

Assuming ideal gas behavior, the mole numbers of He is determined from 

Pi/ (200 kPa)(381.7 m 3 ) f , 

N = = = 30.61 kmol 

R U T (8.314 kPa • m 3 /kmol • K)(300 K) 

Then the mass of He can be determined from 

m = NM - (30.61 kmol)(4.0 kg/kmol) = 123 kg 
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3-77 ■ Sf “ Problem 3-76 is to be reconsidered. The effect of the balloon diameter on the mass of helium 
balloon is to be determined for the pressures of (a) 100 kPa and (b) 200 kPa as the diameter varies from 5 
mass of helium is to be plotted against the diameter for both cases. 


contained in the 
m to 15 m. The 


Analysis The problem is solved using EES, and the solution is given below. 


"Given Data" 

{□=9 [m]} 

1=21 [C] 

P=200 [kPa] 
R_u=8.314 [kJ/kmol-K] 


"Solution" 

P*V=N*R_u*(T+273) 

V=4*pi*(D/2) A 3/3 

m=N*MOLARMASS(Helium) 


D [ml 

m fkgl 

5 

21.01 

6.111 

38.35 

7.222 

63.31 

8.333 

97.25 

9.444 

141.6 

10.56 

197.6 

11.67 

266.9 

12.78 

350.6 

13.89 

450.2 

15 

567.2 


P=200 kPa 
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3-78 Two rigid tanks connected by a valve to each other contain air at specified conditions. The volume of the second tank 
and the final equilibrium pressure when the valve is opened are to be determined. 

Assumptions At specified conditions, air behaves as an ideal gas. 

Properties The gas constant of air is R = 0.287 kPa.mVkg.K (Table A-l). 

Analysis Let's call the first and the second tanks A and B. Treating air as an ideal gas, the volume of the second tank and 
the mass of air in the first tank are determined to be 


^ = 


m A = 


f m x RT\ ' 


R 


(5 kg)(0.287 kPa • m 3 /kg - K)(308 K) = 221m s 


py 


1 Jb 

\ 


200 kPa 
(500 kPa)(1.0 m 3 ) 


RT X J A (0.287 kPa • m7kg • K)(298 K) 


= 5.846 kg 


Thus, 


l/ = (/ A +l/ B =1.0 + 2.21 = 3.21m 3 
m = m A + m B = 5.846 + 5.0 = 10.846 kg 


A 


B 


Air 


Air 

l/= 1 m 3 


m = 5 kg 

C) 

T= 25°C 


T= 35°C 

P = 500 kPa 


P = 200 kPa 


Then the final equilibrium pressure becomes 

p _ mRT 2 _ (10.846 kg)(0.287 kPa ■ m 3 /kg ■ K)(293 K) _ 281 lkpa 
2 1/ 3.21m 3 


3-79E An elastic tank contains air at a specified state. The volume is doubled at the same pressure. The initial volume and 
the final temperature are to be determined. 

Assumptions At specified conditions, air behaves as an ideal gas. 

Analysis According to the ideal gas equation of state, 

PV = nRT 

LI 

(32 psia)(/ = (2.3 lbmol)( 10.73 psia • ft 3 /lbmol- R)(65 + 460) R 

{/ = 404.9 ft 3 

^ = L >2 = — >T 2 =1050R=590°F 

V x T x (65 + 460) R 
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3-80 An ideal gas in a rigid tank is cooled to a final gage pressure. The final temperature is to be determined. 
Assumptions The gas is specified as an ideal gas so that ideal gas relation can be used. 

Analysis According to the ideal gas equation of state at constant volume, 


3-37 


Since 

Then, 


m x = m x 


P 2 v 2 


7i 


V\=V 2 


P Pn 


T~ 


Patm=100 kPa 


r, t~ 


I ; = p 


h 

ft 


Ideal gas 
1227°C 
200 kPa 
(gage) 


[(1227 + 273) K] ( 50 + 10 °) kPa = 750 K = 477°C 
L J (200 + 100)kPa 


Q 


3-81 One side of a two-sided tank contains an ideal gas while the other side is evacuated. The partition is removed and the 
gas fills the entire tank. The gas is also heated to a final pressure. The final temperature is to be determined. 

Assumptions The gas is specified as an ideal gas so that ideal gas relation can be used. 

Analysis According to the ideal gas equation of state, 


P 2 =P X 

l/ 2 = V X + 2V X = W X 

Applying these, 

m x = m x 

m .. p 2 v . 2 

h r 2 

t ' L= V2_ 

T\ r 2 

T 2 =T l ^ = T l ^- = 3T l = 3 [92 7 + 273) K] = 3600 K = 3327°C 


Ideal 


Evacuated 

gas 

927°C 

2V\ ^ 

V 



Q 
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3-82 A piston-cylinder device containing argon undergoes an isothermal process. The final pressure is to be determined. 
Assumptions At specified conditions, argon behaves as an ideal gas. 

Properties The gas constant of argon is R = 0.2081 kJ/kg-K (Table A-l). 

Analysis Since the temperature remains constant, the ideal gas equation gives 


m = 




P 2 V 2 


+ W =1^2 


RT RT 

which when solved for final pressure becomes 



P 2 =P { 


ii 

(4 


= P 


c/, 


2C/, 


= 0.5P, = 0.5(550 kPa) = 275 kPa 


3-83 An automobile tire is inflated with air. The pressure rise of air in the tire when the tire is heated and the amount of air 
that must be bled off to reduce the temperature to the original value are to be determined. 

Assumptions 1 At specified conditions, air behaves as an ideal gas. 2 The volume of the tire remains constant. 

Properties The gas constant of air is R = 0.287 kPa.mVkg.K (Table A-l). 

Analysis Initially, the absolute pressure in the tire is 


P x = P g +P &tm = 210 + 100 = 3 lOkPa 


Treating air as an ideal gas and assuming the volume of the tire to 
remain constant, the final pressure in the tire can be determined from 


m 


m 


To 


323 K 


* P 2=— P \ = 

T x 298 K 


(310 kPa) = 336 kPa 


Thus the pressure rise is 



AP = P 2 - P x = 336-310 = 26 kPa 

The amount of air that needs to be bled off to restore pressure to its original value is 


m x 


m 2 


py_ 

RT X 


(310 kPa)(0.025 m 3 ) 
(0.287 kPa • m 3 /kg • K)(298 K) 


= 0.0906 kg 


= ^ = (310 kPa)(0.025 m 3 ) = Q ^ 

RT 2 (0.287 kPa • m 3 /kg • K)(323 K) 

Am = m x - m 2 = 0.0906 - 0.0836 = 0.0070 kg 
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Compressibility Factor 


3-39 


3-84C It represent the deviation from ideal gas behavior. The further away it is from 1, the more the gas deviates from 
ideal gas behavior. 


3-85C All gases have the same compressibility factor Z at the same reduced temperature and pressure. 


3-86C Reduced pressure is the pressure normalized with respect to the critical pressure; and reduced temperature is the 
temperature normalized with respect to the critical temperature. 


3-87 The specific volume of steam is to be determined using the ideal gas relation, the compressibility chart, and the steam 
tables. The errors involved in the first two approaches are also to be determined. 

Properties The gas constant, the critical pressure, and the critical temperature of water are, from Table A-l, 

R = 0.4615 kPa mVkg-K, T ct = 647.1 K, P ct = 22.06 MPa 

Analysis (a) From the ideal gas equation of state, 


RT 

v = 

P 


(0.4615 kPa -m 3 /kg ■ K)(623.15 K) 
15,000 kPa 


= 0.01917 m 3 /kg 


(67.0% error) 


(b) From the compressibility chart (Fig. A- 15), 
P 10 MPa 


Pr = 


Tr = 


P 


cr 

T 


22.06 MPa 
673 K 


= 0.453 


T 647.1 K 


= 1.04 


cr 



H 2 0 

> Z = 0.65 

15 MPa 


350°C 


Thus, 

t/ = Zt/ lde ai =(°.65)(0.0 1 9 1 7m 3 /kg) = 0.01 246 m 3 /kg (8.5% error) 
(c) From the superheated steam table (Table A-6), 


P = 15 MPa 
T = 350°C 


t/ = 0.01148 m/kg 
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3-88 ■ Srrff “ Problem 3-87 is reconsidered. The problem is to be solved using the general compressibility factor feature of 
EES (or other) software. The specific volume of water for the three cases at 15 MPa over the temperature range of 350°C to 
600°C in 25 °C intervals is to be compared, and the % error involved in the ideal gas approximation is to be plotted against 
temperature. 

Analysis The problem is solved using EES, and the solution is given below. 


P=15 [MPa]*Convert(MPa,kPa) 

{T_Celsius= 350 [C]} 

T=T_Celsius+273 n [K] M 
T_critica I =T_C R IT (Stea miapws) 

P_critical=P_CRIT(Steam_iapws) 

{v=Vol/m} 

P_table=P; P_comp=P;PJdealgas=P 
T_table=T; T_comp=T;T_idealgas=T 

v_table=volume(Steam_iapws,P=P_table,T=T_table) "EES data for steam as a real gas" 
{P_table=pressure(Steam_iapws, T=T_table,v=v)} 
{T_sat=temperature(Steam_iapws,P=P_table,v=v)} 

MM=MOLARMASS(water) 

R_u=8.314 [kJ/kmol-K] "Universal gas constant" 

R=R_u/MM "[kJ/kg-K], Particular gas constant" 

PJdealgas*v_idealgas=R*T_idealgas "Ideal gas equation" 
z = COMPRESS(T_comp/T_critical,P_comp/P_critical) 

P_comp*v_comp=z*R*T_comp "generalized Compressibility factor" 
Error_idealgas=Abs(v_table-v_idealgas)/v_table*Convert(, %) 
Error_comp=Abs(v_table-v_comp)/v_table*Convert(, %) 


Error cornD [ /o\ 

Error-ideal qas [ /°\ 

Tcelcius [U] 

9.447 

67.22 

350 

2.725 

43.53 

375 

0.4344 

32.21 

400 

0.5995 

25.23 

425 

1.101 

20.44 

450 

1.337 

16.92 

475 

1.428 

14.22 

500 

1.437 

12.1 

525 

1.397 

10.39 

550 

1.329 

8.976 

575 

1.245 

7.802 

600 
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3-89 The specific volume of R- 134a is to be determined using the ideal gas relation, the compressibility chart, and the R- 
134a tables. The errors involved in the first two approaches are also to be determined. 


Properties The gas constant, the critical pressure, and the critical temperature of refrigerant- 134a are, from Table A-l, 
R = 0.08149 kPa-m 3 /kg-K, T CI = 374.2 K, P CT = 4.059 MPa 

Analysis (a) From the ideal gas equation of state, 


RT (0.08 149 kPa-m 3 /kg-K)(343K) . .. 3;1 

— = — = 0.031 05 nr /kg 

P 900 kPa 


(13.3% error) 


(b) From the compressibility chart (Fig. A- 15), 


Pr 

Tr 


P 


0.9 MPa 


P 


cr 

T 


4.059 MPa 
343 K 


= 0.222 


77, 374.2 K 


= 0.917 


cr 


z 


0.894 


R-134a 
0.9 MPa 
70°C 


Thus, 

v = Zc/ ldeal = (0.894X0.03105 m 3 /kg) = 0.02776 m 3 /kg (1.3%error) 
(c) From the superheated refrigerant table (Table A- 13), 

T = 70°C^ Pa V = 002741 3 m3/k 9 


3-90 The specific volume of steam is to be determined using the ideal gas relation, the compressibility chart, and the steam 
tables. The errors involved in the first two approaches are also to be determined. 

Properties The gas constant, the critical pressure, and the critical temperature of water are, from Table A-l, 

R = 0.4615 kPa mVkg-K, T CI = 647.1 K, P CI = 22.06 MPa 

Analysis (a) From the ideal gas equation of state, 


(/ = 


RT (0.46 1 5 kPa • m 3 /kg • K)(723 K) 


P 3500 kPa 

( b ) From the compressibility chart (Fig. A- 15), 
P 3.5 MPa 


0.09533 m 3 /kg (3.7% error) 


Pr = 


T r = 


P 


cr 

T 


22.06 MPa 
723 K 


= 0.159 


77, 647.1 K 


= 1.12 


cr 


- * ~ n 

N 

H 2 0 

> Z = 0.961 

3.5 MPa 


450°C 


Thus, 


t/ = Zt/ ideal = (0.961)(0.09533 m 3 /kg) = 0.091 61 m 3 /kg (0.4% error) 


(c) From the superheated steam table (Table A-6), 

T = 450°C Pa } v = 0.09-196 m 3 /kg 
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3-91E Ethane in a rigid vessel is heated. The final pressure is to be determined using the compressibility chart. 
Properties The gas constant, the critical pressure, and the critical temperature of ethane are, from Table A- IE, 
R = 0.3574 psia-ft 3 /lbm-R, T cr = 549.8 R, P cr = 708 psia 

Analysis From the compressibility chart at the initial state (Fig. A- 15), 


Tri = 


Pr\ ~ 


p 


T, 


cr 


560 R 
549.8 R 
80 psia 


P cr 708 psia 


= 1.019 
= 0.1 130 


The specific volume does not change during the process. Then, 


> Zj =0.963 

Ethane 

80 psia 


100°F 


Vl=V 2 = 


Z X RT X (0.963)(0.3574 psia • ft71bm- R)(560R) 


P 


80 psia 


= 2.409 fr/lbm 


Q 


At the final state, 


T 2 _ 1000 R 
T cv ~ 549.8 R 


1.819 


^2, actual _ 2.409 lft 3 /lbm 

RT cr/Pcv (0.3574 psia • ft 3 /lbm • R)(549.8 R)/(708psia) 


8.68 



= 1.0 


Thus, 


_ z 2 rt 2 
l 2 ~ 

</ 2 


(1.0)(0.3574psia • ft Vlbm ■ R)(1000R) 
2.409 ftVlbm 


148 psia 
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3-92 Ethylene is heated at constant pressure. The specific volume change of ethylene is to be determined using the 
compressibility chart. 

Properties The gas constant, the critical pressure, and the critical temperature of ethane are, from Table A-l, 

R = 0.2964 kPa mVkg-K, T ct = 282.4 K, P cr = 5.12 MPa 

Analysis From the compressibility chart at the initial and final states (Fig. A- 15), 


7*i 

Pr\ 


A 

T cx 

A 

^cr 


293 K 
282.4 K " 
5 MPa 
5. 12 MPa 


1.038 
= 0.977 


Zj = 0.56 


Tri 

Pr2 




T, 


cr 


= P 


R 1 


473 K 
282.4 KR 
0.977 


1.675 


Z x - 0.961 


Ethylene 
5 MPa 
20°C 


Q 


The specific volume change is 
Ac/ = — (Z 2 T 2 - Z{T x ) 

- O ^kPa -m^/kg-K [ % K| -(0-561(293 K|] 
5000 kPa L J 

= 0.0172m 3 /kg 
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3-93 Water vapor is heated at constant pressure. The final temperature is to be determined using ideal gas equation, the 
compressibility charts, and the steam tables. 

Properties The gas constant, the critical pressure, and the critical temperature of water are, from Table A-l, 

R = 0.4615 kPa mVkg-K, T cr = 647.1 K, P„ = 22.06 MPa 

Analysis (a) From the ideal gas equation, 


T 2 = T x = (350 + 273 K)(2) = 1 246 K 

^1 

(b) The pressure of the steam is 

P\ = ^2 = ^sat@350°c =16,529 kPa 


From the compressibility chart at the initial state (Fig. A- 15), 


Tri 

Prx 




A 


623 K 
647. 1KR ~~ 
16.529 MPa 
22.06 MPa 


0.963 
= 0.749 


Zj = 0.593, i/ Rl =0.75 


Water 
350°C 
sat. vapor 


Q 


At the final state, 


Pri = Pr\ = 6-749 

</ R2 = 2v m =2(0.75) = 1.50 


Z 2 =0.88 


Thus, 

T P 2 v 2 Pi VRiT C r 16,529 kPa (1.50K647.1K) ^ y 

2 Z 2 R Z 2 P cr 0.88 22,060 kPa 


(c) From the superheated steam table, 


T x = 350°C 
v, = 1 


t/j = 0.008806 m 3 /kg 


(Table A-4) 


Pi 

c / 2 


16,529 kPa 

2i/j = 0.01761 m 3 /kg 


T 2 = 477°C = 750 K 


(from Table A-6 or EES) 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



3-45 


3-94E Water vapor is heated at constant pressure. The final temperature is to be determined using ideal gas equation, the 
compressibility charts, and the steam tables. 

Properties The critical pressure and the critical temperature of water are, from Table A- IE, 


R = 0.5956 psia-ft 3 /lbm-R, 
Analysis (a) From the ideal gas equation, 

t/ 


T cr = 1164.8 R, 


P cr = 3200 psia 


t 2 =t ] 


l/, 


= (400 + 460 R)(2) = 1 720 R 


( b ) The properties of steam are (Table A-4E) 
p \ - P 2 = ^sat@ 400 °F = ^47 .26 psia 
u \ =(/ g @4oo°F =1.8639 ft 3 /lbm 
c/ 2 =2 i/j = 3.7278 ft 3 /lbm 

At the final state, from the compressibility chart (Fig. A- 15), 



Pri ~ 


U R2 ~ 


P 2 247.26 psia 
P CY 3200 psia 

^2, actual 


= 0.0773 


3.7278 ft J /lbm 


RT cr /P cv (0.5956 psia • ft 3 /lbm • R)(l 164.8 R)/(3200 psia) 


= 17.19 


Z 2 = 0.985 


Thus, 


P 2 = 


P 2 U 2 


(247.26 psia)(3.7278 ft 3 /lbm) 


Z 2 R (0.985X0.5956 psia • ft 3 /lbm- R) 
(c) From the superheated steam table, 


= 1571 R 


P 2 =247.26 psia 
(/, = 3.7278 ft 3 /lbm 


= 1100°F = 1560 R 


(from Table A-6E or EES) 
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3-95 Methane is heated at constant pressure. The final temperature is to be determined using ideal gas equation and the 
compressibility charts. 

Properties The gas constant, the critical pressure, and the critical temperature of methane are, from Table A-l, 

R = 0.5182 kPa mVkg-K, T ct = 191.1 K, P cr = 4.64 MPa 

Analysis From the ideal gas equation, 


i/ 


T 2 =T X ^ = (300 K)(l .5) = 450 K 


i/, 


From the compressibility chart at the initial state (Fig. A- 15), 
T x 300 K 


Tm = 


Pr\ ~ 


71 191.1 K 


= 1.570 


cr 


Pi 


8 MPa 


P„ r 4.64 MPa 


= 1.724 


cr 


Zj = 0.88, v Rl = 0.80 


At the final state, 

Pri = Pr\ = 1-724 
u R2 = 1.5 </ ri =1.5(0.80) = 1.2 J 


Z 2 = 0.975 


Thus, 


T _ p 2”2 _ Pi "RiTcr _ SOOOkPa (1.2)(191.1K) _ 106K 


z 2 r z 2 P cr 


0.975 4640 kPa 



Of these two results, the accuracy of the second result is limited by the accuracy with which the charts may be read. 
Accepting the error associated with reading charts, the second temperature is the more accurate. 


3-96 The percent error involved in treating CO 2 at a specified state as an ideal gas is to be determined. 
Properties The critical pressure, and the critical temperature of CO 2 are, from Table A-l, 


T cr = 304.2K and P CY = 7.39MPa 


Analysis From the compressibility chart (Fig. A- 15), 


Pr 

T r 


P 


P 


cr 

7 


7 


cr 


5 MPa 
7.39 MPa 
298 K 
304.2 K ” 


= 0.677 
0.980 


>Z = 0.69 


C0 2 
5 MPa 
25°C 


Then the error involved in treating C0 2 as an ideal gas is 


Error = — ^ideal_ = , 

V 


Z 


= -0.44.9 or 44.9% 

0.69 
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3-97 C0 2 gas flows through a pipe. The volume flow rate and the density at the inlet and the volume flow rate at the exit of 
the pipe are to be determined. 

Properties The gas constant, the critical pressure, and the critical temperature of C0 2 are (Table A-l) 

R = 0. 1889 kPa-mVkg-K, T CI = 304.2 K, P cr = 7.39 MPa 

Analysis 


3 MPa 

500 K C0 2 ► 450 K 

2 kg/s 


(a) From the ideal gas equation of state, 

mRT x (2 kg/s)(0. 1 889 kPa • m 3 /kg • K)(500 K) 




Pi = 


l/ 2 = 


P 


P 


(3000 kPa) 


0.06297 m 3 /kg (2.1% error) 


(3000 kPa) 


RT\ (0.1889 kPa • m 3 /kg • K)(500 K) 
mRT 2 (2 kg/s)(0.1889 kPa ■ m 3 /kg • K)(450 K) 


31.76 kg/m 3 (2.1% error) 


P 


(3000 kPa) 


0.05667 m 3 /kg (3.6% error) 


( b ) From the compressibility chart (EES function for compressibility factor is used) 


Pr = 


R 


3 MPa 


R, 7.39 MPa 


= 0.407 


cr 


r SJ =^ = ^^ = i.64 


T cr 304.2 K 


Zj = 0.9791 


P - A- 

r R ~ ~ 


3 MPa 


= 0.407 


P cr 7.39 MPa 


T -h 

l R,2 - 


450 K 


= 1.48 


T cr 304.2 K 


Z 2 = 0.9656 


Thus, l/j = 


Z x mRT x (0.979 1)(2 kg/s)(0. 1 889 kPa -m 3 /kg-K)(500 K) 


R 


(3000 kPa) 


0.06165 m 3 /kg 


R 


Pi = 


V, 


(3000 kPa) 


= 32.44 kg/m 


Z X RT X (0.9791)(0.1889 kPa • m 3 /kg • K)(500 K) 

Z 2 mRT 2 _ (0,9656)(2kg/s)(0.1889 kPa ■ m 3 /kg ■ K)(450 K) 
P 2 ” (3000 kPa) 


0.05472 m 3 /kg 
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3-98 The specific volume of nitrogen gas is to be determined using the ideal gas relation and the compressibility chart. The 
errors involved in these two approaches are also to be determined. 

Properties The gas constant, the critical pressure, and the critical temperature of nitrogen are, from Table A-l, 

R = 0.2968 kPa mVkg-K, T ct = 126.2 K, P cr = 3.39 MPa 

Analysis (a) From the ideal gas equation of state, 


RT 

v — 

P 


(0.2968 kPa • m 3 /kg • K)(l 50 K) 
10,000 kPa 


0.004452 m 3 /kg (86.4% error) 


Pr = 


Tr = 


P 10 MPa 


P„ 3.39 MPa 


= 2.95 


cr 


T 150 K 


T cr 126.2 K 


= 1.19 


■ * * n 

n 2 

> Z = 0.54 

10 MPa 


150 K 


Thus. 


v = Z i/ ideal = (0.54X0.004452 m 3 /kg) = 0.002404m 3 /kg 


(0.7% error) 
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Other Equations of State 
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3-99C The constant a represents the increase in pressure as a result of intermolecular forces; the constant b represents the 
volume occupied by the molecules. They are determined from the requirement that the critical isotherm has an inflection 
point at the critical point. 


3-100 Carbon monoxide is heated in a piston-cylinder device. The final volume of the carbon monoxide is to be determined 
using the ideal gas equation and the Benedict-Webb-Rubin equation of state. 


Properties The gas constant and molar mass of CO are (Table A-l) 

R = 0.2968 kPa mVkg-K, M = 28.01 1 kg/kmol 
Analysis (a) From the ideal gas equation of state, 

„ , mRT 2 _ (0.100kg)(0.2968kPa-m 3 /kg-K)(773K) p Q22Q1 m 3 
2 P 1000 kPa 

( b ) Using the coefficients of Table 3-4 for carbon dioxide and the given data, the 
Benedict-Webb-Rubin equation of state for state 2 is 



Q 




V 


Wi A> 


C r 


T 


2 J 


1 

bR.T ? - a 

aa 

c 

(7 2 

f (7 3 H 


v 3 y; 2 


1 + 


r 


—2 


2 

exp(-y / c/ ) 


1000 = (8314X773) + 


l/~ 


0.05454x8.314x773-135.9 


8.673x10- 

773 2 


1 0.002632x8.314x773-3.71 

f 


c / 2 


c / 3 


3.71x0.000135 1.054x10' 


(7 6 


<7 3 (773)‘ 


1 + 


0.0060 


v 2 y 


exp(-0.0060/ U 2 ) 


The solution of this equation by an equation solver such as EES gives 


Then, 


=6.460 m /kmol 


V' 


l/o = 


6.460 m 3 /kmol _ 3/1 

= 0.2306 m 3 /kg 


M 28.01 1 kg/kmol 
w 2 = mv 2 = (0.100 kg)(0.2306 m 3 /kg) = 0.02306 m 3 
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3-101 Methane is heated in a rigid container. The final pressure of the methane is to be determined using the ideal gas 
equation and the Benedict- Webb-Rubin equation of state. 


Analysis (a) From the ideal gas equation of state, 


T 573 K 

-2- = (80 kPa) = 1 56.5 kPa 


P 2 = P l — = (80 kPa) 


293 K 


( b ) The specific molar volume of the methane is 


_ _ RJ X (8.314kPa •m 3 /kmol-K)(293K) ^ ^ 3/1 , 

v x =v 2 = — — = = 30.45 m 3 /kmol 


80 kPa 



Using the coefficients of Table 3-4 for methane and the given data, the Benedict- Webb-Rubin equation of state for state 2 
gives 


1 

, bR u T 2 

-a aa c f 

i i 



1 —6 ' —3^2 

i/ c/ T 2 v 


rj 2 


(8314)(573) + 0.04260x8.314x573-187.91- 2,286 x lQ< 
30.45 573 2 


1 0.003380x8.314x573-5.00 

:r + ; 


30.45- 


30.45- 


5.00xl.244xl0^ 4 2.578x10 s ( 0.0060^1 , nnn£n „ nA ,2 s 

t + 5 7 1 + 7r exp(-0.0060/ 30.45 ) 

30.45 6 3 0.45 3 (5 73 ) 2 V 30.45 2 J 

156.5kPa 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 




3-51 


3-102E Carbon monoxide is heated in a rigid container. The final pressure of the CO is to be determined using the ideal gas 
equation and the Benedict- Webb-Rubin equation of state. 

Properties The gas constant and molar mass of CO are (Table A-l) 

R = 0.2968 kPa mVkg-K, M = 28.01 1 kg/kmol 

Analysis (a) From the ideal gas equation of state, 


T 1 If 0 R 

P 2 — P\ — ~ — (14.7 psia) = 34.95 psia 




530 R 



Q 


(b) The specific molar volume of the CO in SI units is 

- - (8314kPa - m3/kmOl - K T^ = 24.20 m Vkmol 


V\ = ^2 = 


Pt 


101 kPa 


Using the coefficients of Table 3-4 for CO and the given data, the Benedict- Webb-Rubin equation of state for state 2 gives 


A 


(/ 


A) 


c 


0 


p 


2 J 


1 

bRJi-a 

aa c 

1 

< 7 2 

V ^ ' 

-6 ' - 3^2 

1 / (/ P 1 


1 + 


r 


—2 


2 

exp(-/ / c/ ) 


(8.314)(700) 


24.20 


v 


3.71x1.350x10 1.054x10 

+ 7 4 


0.05454x8.314x700-135.87 

,-4 i c\c . i rv5 r 0.0060^ 


24.20 
= 240.8 kPa 

The pressure in English unit is 

r 1 psia 


24.20 3 (700) : 


1 + 


24.20" 


8.673x10- 
700 2 

y 

exp(-0.0060/ 24. 20 2 ) 


1 

0.002632x8.314x700-3.71 

24.20 2 

24.20 3 


P 2 = (240.8 kPa) 


6.8948 kPa 


34.92 psia 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 




3-52 

3-103E The temperature of R- 134a in a tank at a specified state is to be determined using the ideal gas relation, the van der 
Waals equation, and the refrigerant tables. 

Properties The gas constant, critical pressure, and critical temperature of R- 134a are (Table A- IE) 

R = 0. 1052 psia-ft 3 /lbm-R, T cr = 673.6 R, P cr = 588. 7 psia 

Analysis (a) From the ideal gas equation of state, 

T Pv (160psia)(0.3479 ft 3 /lbm) ^ R 
R 0.1052 psia -ft 3 /lbm-R 


(b) The van der Waals constants for the refrigerant are determined from 


a = 


27 R 2 Tl 


64 P. 


cr 


(27)(0.1052 psia ■ ft 3 /lbm • R) 2 (673.6 R) 2 

_____ 


= 3.591 ft 6 -psia/lbm 


b = RTcr 


8 P 


cr 


(0. 1 052 psia ft Vlbm R)(673.6 R) _ Q QlgQ ft 3 /lbm 
8 x 588.7 psia 


Then, 


T = — 

R 


P + 


a 


v 1 ) 


( 4 '-b) = 


1 


0.1052 


160 + 


3.591 


(0.3479) 


(0.3479-0.0150)= 600 R 


(c) From the superheated refrigerant table (Table A-13E), 


^ = 160 psia 
(/ = 0.3479 ft 3 /lbm 


r=160°F (620 R) 
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3-104 The pressure of nitrogen in a tank at a specified state is to be determined using the ideal gas relation and the 

Beattie-Bridgeman equation. The error involved in each case is to be determined. 


Properties The gas constant and molar mass of nitrogen are (Table A-l) 
R = 0.2968 kPa-m 3 /kg-K and M = 28.013 kg/kmol 
Analysis (a) From the ideal gas equation of state, 

p= RT = (0.2968 kPa m 3 /kg ■ K)(150 K) = ^ ^ 
t/ 0.041884 m 3 /kg 


N 2 

0.041884 m 3 /kg 
150 K 


(b) The constants in the Beattie-Bridgeman equation are 


A = A. 


B = B. 


i-" 

{/ 


i-4 

t/ 


= 136.2315 


= 0.05046 


c = 4.2xl0 4 m 3 -K 3 /kmol 


0.02617' 
1.1733 , 
-0.00691' 
1.1733 , 


133.193 

0.05076 


since 


t7 = Me/ = (28.013 kg/kmol)(0.04 1884 m 3 /kg) = 1.1733 m 3 /kmol. 


Substituting, 


P = 



8.314x150 

(1.1733) 2 


/ 

1 - 

V 


4.2 xlO 4 
1.1733 x 150 3 


\ 

(1.1733 + 0.05076) 

/ 


= 1000.4 kPa (negligible error) 


133.193 

(1.1733) 2 
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3-105 Problem 3-104 is reconsidered. Using EES (or other) software, the pressure results of the ideal gas and 

Beattie-Bridgeman equations with nitrogen data supplied by EES are to be compared. The temperature is to be plotted 
versus specific volume for a pressure of 1 000 kPa with respect to the saturated liquid and saturated vapor lines of nitrogen 
over the range of 1 10 K < T< 150 K. 

Analysis The problem is solved using EES, and the solution is given below. 


Function BeattBridg(T,v,M,R_u) 

v_bar=v*M "Conversion from m A 3/kg to m A 3/kmol" 

"The constants for the Beattie-Bridgeman equation of state are found in text" 

Ao=1 36.231 5; aa=0.0261 7; Bo=0.05046; bb=-0.00691 ; cc=4.20*1 E4 
B=Bo*(1-bb/v_bar) 

A=Ao*(1-aa/v_bar) 

"The Beattie-Bridgeman equation of state is" 

BeattBridg:=R_u*T/(v_bar**2)*(1-cc/(v_bar*T**3))*(v_bar+B)-A/v_bar**2 

End 

T=1 50 [K] 

v=0.041 884 [m A 3/kg] 

P_exper=1000 [kPa] 

T_table=T ; T_BB=T ;T_idealgas=T 

P_table=PRESSURE(Nitrogen,T=T_table,v=v) "EES data for nitrogen as a real gas" 
{T_table=temperature(Nitrogen, P=P_table,v=v)} 

M=MOLARMASS(Nitrogen) 

R_u=8.314 [kJ/kmol-K] "Universal gas constant" 

R=R_u/M "Particular gas constant" 

P_idealgas=R*T_idealgas/v "Ideal gas equation" 

P_BB=BeattBridg(T_BB,v,M,R_u) "Beattie-Bridgeman equation of state Function" 


Prr fkPal 

P, ah i fi fkPal 

P idealaas [kPa] 

v fm3/kql 

Trr FK1 

ideal aas [K] 

"Stable [K] 

1000 

1000 

1000 

0.01 

91.23 

33.69 

103.8 

1000 

1000 

1000 

0.02 

95.52 

67.39 

103.8 

1000 

1000 

1000 

0.025 

105 

84.23 

106.1 

1000 

1000 

1000 

0.03 

116.8 

101.1 

117.2 

1000 

1000 

1000 

0.035 

130.1 

117.9 

130.1 

1000 

1000 

1000 

0.04 

144.4 

134.8 

144.3 

1000 

1000 

1000 

0.05 

174.6 

168.5 

174.5 
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3-106 Carbon dioxide is compressed in a piston-cylinder device in a polytropic process. The final temperature is to be 
determined using the ideal gas and van der Waals equations. 


Properties The gas constant, molar mass, critical pressure, and critical temperature of carbon dioxide are (Table A-l) 
R = 0.1889 kPa mVkg-K, M = 44.01 kg/kmol, T CI = 304.2 K, P a = 7.39 MPa 
Analysis (a) The specific volume at the initial state is 


</, = 


RT X _ (0.1889kPa-m 3 /kg-K)(473K) 
P ~ lOOOkPa 


= 0.08935 m 3 /kg 


According to process specification, 


i/ 2 =i/, 


= (0.08935 m 3 /kg)f 1QQQkPa 

3000 kPa 


= 0.03577 m 3 /kg 


C02 
1 MPa 
200°C 


The final temperature is then 


T 2 = 


P 2 v 2 _ (3000kPa)(0.03577m 3 /kg) 
R 0.1889 kPa • m 3 /kg • K 


= 568 K 


(b) The van der Waals constants for carbon dioxide are determined from 

a = EL!?! = (^7)(0.1889 kPa m 3 /kg K) 2 (304.2 K) 2 = Q ^ m6 . 
64P cr (64)(7390kPa) 

b = ^_ (0. 1889 kPa m 3 /kg K)(304.2 K) = 0 0009720 m 3 /kg 
8P cr 8x7390kPa 

Applying the van der Waals equation to the initial state, 


P + — (i s-b) = RT 

{/ 


0 1 885 i 

1 000 + — — (i/ - 0.0009720) - (0. 1 889)(473) 


Solving this equation by trial-error or by EES gives 
i/! = 0.08821 m 3 /kg 
According to process specification, 


</ 2 =</! 


= (0.08821 m 3 /kg)( 1QQ ° kPa 

3000kPa 


= 0.0353 lm 3 /kg 


Applying the van der Waals equation to the final state, 


P+ (i ,-b) = RT 

v 


0 1 885 i 

3000 + — (0.0353 1 - 0.0009720) = (0.1889)7’ 

0.0353 1 2 J 


Solving for the final temperature gives 


To = 573 K 
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Special Topic: Vapor Pressure and Phase Equilibrium 


3-56 


3-107 A glass of water is left in a room. The vapor pressures at the free surface of the water and in the room far from the 
glass are to be determined. 

Assumptions The water in the glass is at a uniform temperature. 


Properties The saturation pressure of water is 2.339 kPa at 20°C, and 1.706 kPa at 15°C (Table A-4). 


Analysis The vapor pressure at the water surface is the saturation pressure of water at the 
water temperature, 

^v, water surface — ^sat@T waler — ^sat@15°C — 1.706 kPa 

Noting that the air in the room is not saturated, the vapor pressure in the room far from the 
glass is 

^v, air = ^sat@7 ; ir = ^sat@20°c = (0.4)(2.339 kPa) = 0.936 kPa 


h 2 o 

15°C 


3-108 The vapor pressure in the air at the beach when the air temperature is 30°C is claimed to be 5.2 kPa. The validity of 
this claim is to be evaluated. 

Properties The saturation pressure of water at 30°C is 4.247 kPa (Table A-4). 

Analysis The maximum vapor pressure in the air is the saturation pressure of water 
at the given temperature, which is 

^v, max = P sat@7; ir = ^sat@30°C =4.247 kPa 

which is less than the claimed value of 5.2 kPa. Therefore, the claim is false. 


30 C 


WATER 


3-109 The temperature and relative humidity of air over a swimming pool are given. The water temperature of the 
swimming pool when phase equilibrium conditions are established is to be determined. 

Assumptions The temperature and relative humidity of air over the pool remain constant. 

Properties The saturation pressure of water at 20°C is 2.339 kPa (Table A-4). 

Analysis The vapor pressure of air over the swimming pool is 

^v, air = ^sat @r air = ^sat@20°c = (0.4)(2. 339 kPa) = 0.9357 kPa 

Phase equilibrium will be established when the vapor pressure at the water surface 
equals the vapor pressure of air far from the surface. Therefore, 

P — p . — n Q^S7 vpa 

1 v, water surface 1 v,air / iva a 

^water — -^sat @ P y ~ ^sat@ 0.9357 kPa — ^ 

Discussion Note that the water temperature drops to 6.0°C in an environment at 20°C when phase equilibrium is 
established. 


P atm, 20 C 


POOL 
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3-110 A person buys a supposedly cold drink in a hot and humid summer day, yet no condensation occurs on the drink. The 
claim that the temperature of the drink is below 10°C is to be evaluated. 

Properties The saturation pressure of water at 35°C is 5.629 kPa (Table A-4). 

Analysis The vapor pressure of air is 

P v, air = &P sat@r air = sat@35°c = (0.7)(5.629 kPa) = 3.940 kPa 

The saturation temperature corresponding to this pressure (called the dew-point 
temperature) is 

^sat = ^sat@P v = ^sat@3.940 kPa = 28.7°C 

That is, the vapor in the air will condense at temperatures below 28.7°C. Noting that no condensation is observed on the 
can, the claim that the drink is at 10°C is false. 



3-111E A thermos bottle half-filled with water is left open to air in a room at a specified temperature and pressure. The 
temperature of water when phase equilibrium is established is to be determined. 

Assumptions The temperature and relative humidity of air over the bottle remain constant. 


Properties The saturation pressure of water at 70°F is 0.3633 psia (Table A-4E). 
Analysis The vapor pressure of air in the room is 
^,air =# > S at@ 7 ' aiI = <^ S at@70 ° f = (0.35)(0.3633 psia) = 0.1272 psia 

Phase equilibrium will be established when the vapor pressure at the water surface 
equals the vapor pressure of air far from the surface. Therefore, 

^v, water surface — ^v, air — 0.1272 psia 

and 


Thermos 

bottle 



70°F 

35% 



T 

water 


= T r 


sat @P V 


= T. 


sat @0.1 272 psia 


= 41.1°F 


Discussion Note that the water temperature drops to 41°F in an environment at 70°F when phase equilibrium is established. 


3-112 Two rooms are identical except that they are maintained at different temperatures and relative humidities. The room 
that contains more moisture is to be determined. 

Properties The saturation pressure of water is 2.339 kPa at 20°C, and 3.17 kPa at 25°C (Table A-4). 

Analysis The vapor pressures in the two rooms are 

Room 1 : P vX = (/> x P sat @ 7 | = A^sat@ 25 °c = (0-4)(3.1 7 kPa) = 1.27 kPa 

Room 2: P v2 = ^ 2 -^sat @t 2 ~ ^ 2 ^sat@ 20 °c = (0.55)(2.339 kPa) = 1.29 kPa 

Therefore, room 1 at 30°C and 40% relative humidity contains more moisture. 
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Review Problems 


3-113 Nitrogen gas in a rigid tank is heated to a final gage pressure. The final temperature is to be determined. 
Assumptions At specified conditions, nitrogen behaves as an ideal gas. 

Analysis According to the ideal gas equation of state at constant volume, 


m i = m 


i 

p 


PM 

To 


Since = V 2 


P T, 


P, =P 


Pi 

Pn 


P. dtm = 100 kPa 


Nitrogen gas 
227°C 
100 kPa 
(gage) 


[(227 + 273) K] ( 250 + 1QQ ) kPa = 875 K = 602°C 
L J (100 + 100) kPa 


Q 


3-114 Carbon dioxide flows through a pipe at a given state. The volume and mass flow rates and the density of CO 2 at the 
given state and the volume flow rate at the exit of the pipe are to be determined. 

Analysis 


3 MPa 

500 K C0 2 ► 450 K 

0.4 kmol/s 

(a) The volume and mass flow rates may be determined from ideal gas relation as 


<4 = 


NR U T X (0.4 kmol/s)(8.3 14 kPa.m 3 /kmol.K)(500 K) 


P 


3000 kPa 


= 0.5543 rrr/s 


(3000 kPa)(0.5543 nr / s) = , 7 6Qk /s 
RT X (0.1889 kPa.m 3 /kg.K)(500 K) 


The density is 


rh] (17.60 kg/s) / 

p x =-J- = — ° - ■ = 31 .76 kg/m 


I/, (0.5543 m 3 /s) 

(b) The volume flow rate at the exit is 


^ = NR u T 2 = (0-4 kmol/s)(8.314kPa.m /kmol.K)(450 K) /|988m 3 /s 


P 


3000 kPa 
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3-115 The cylinder conditions before the heat addition process is specified. The pressure after the heat addition process is 
to be determined. 


Assumptions 1 The contents of cylinder are approximated by the air properties. 
2 Air is an ideal gas. 

Analysis The final pressure may be determined from the ideal gas relation 


T ? 

^ 2=^1 = 
M 


1600 + 273 K 
450 + 273 K 


(1400 kPa) = 3627 kPa 


Combustion 
chamber 
1.4 MPa 
450°C 


3-116 The cylinder conditions before the heat addition process is specified. The temperature after the heat addition process 
is to be determined. 


Assumptions 1 The contents of cylinder is approximated by the air 
properties. 2 Air is an ideal gas. 

Analysis The ratio of the initial to the final mass is 

m x AF 22 22 

m 2 ~ AF + 1 ~ 22 + 1 ~ 23 


The final temperature may be determined from ideal gas relation 

(950 K) = 1817 K 


+ = 


»h ^2 

r 22^ 

150 cm 3 

U 1 

m 2 V\ 

v 23 y 

v 75 cm 3 y 


Combustion 
chamber 
950 K 
75 cm 3 


3-117 A rigid container that is filled with R-13a is heated. The initial pressure and the final temperature are to be 
determined. 


Analysis The initial specific volume is 0.090 m 7kg. Using this with 
the initial temperature reveals that the initial state is a mixture. The 
initial pressure is then the saturation pressure, 


T x = -40°C 
v x = 0.090 m 3 /kg 


r P\ _ ^sat@-40°c -51.25 kPa (Table A-ll) 


This is a constant volume cooling process (t/= t//m = constant). The final 
state is superheated vapor and the final temperature is then 


P 2 = 280 kPa 

t/ 2 = v x = 0.090 m 3 /kg 


T 2 =50°C (Table A -13) 


R-134a 
-40°C 
1 kg 

0.090 m 3 
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3-1 18E A piston-cylinder device that is filled with water is cooled. The final pressure and volume of the water are to be 
determined. 


Analysis The initial specific volume is 


<j. 2j49«i = 2649|t , /lbm 
m 1 lbm 


This is a constant-pressure process. The initial state is determined to be 
superheated vapor and thus the pressure is determined to be 


T x = 400°F 
v x = 2.649 ft 3 /lbm 


P x = P 2 =180 psia (Table A - 6E) 


The saturation temperature at 180 psia is 373. 1°F. Since the final 
temperature is less than this temperature, the final state is compressed 
liquid. Using the incompressible liquid approximation, 

u 2 =</ /@ioo°f =0-01613 ft 3 /lbm (TableA-4E) 


The final volume is then 



i/ 2 =mv 2 = (1 lbm)(0.01613ft 3 /lbm) = 0.01 61 3 ft 3 


3-119 The volume of chamber 1 of the two-piston cylinder shown in the figure is to be determined. 


Assumptions At specified conditions, helium behaves as an ideal gas. 

Properties The gas constant of helium is R = 2.0769 kJ/kg-K (Table A-l). 

Analysis Since the water vapor in chamber 2 is condensing, the pressure in 
this chamber is the saturation pressure, 

^2 - ^sat@200°c =1555 kPa (Table A-4) 

Summing the forces acting on the piston in the vertical direction gives 

A ( D V f 4 V 

P x = P 2 — ~ — P 2 — — = (1555 kPa) — = 248.8 kPa 

A x {D x ) V^Oy 

According to the ideal gas equation of state, 



mRT _ (lkg)(2.0769kPa-m 3 /kg-K)(200 + 273K) 3 

— — o.8o m 

P x 248.8 kPa 
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3-120E The volume of chamber 1 of the two-piston cylinder shown in the figure is to be determined. 
Assumptions At specified conditions, air behaves as an ideal gas. 

Properties The gas constant of air is R = 0.3704 psia*ft 3 /lbmR (Table A- IE). 

Analysis Since R-134a in chamber 2 is condensing, the pressure in this chamber is the saturation pressure, 


P 2 = ^sat@i20°F = 186.0 psia (Table A-11E) 

Summing the forces acting on the piston in the vertical direction gives 

f 2 +f 3 = f x 

^ 2 ^2 + ^3 (^1 - ^2 ) = ^ 1 A 
which when solved for P\ gives 


since the areas of the piston faces are given by A - nD / 4 the above 
equation becomes 




= (186.0 psia) — + (30 psia) 1- — 



= 99.33 psia 


According to the ideal gas equation of state, 

„ mRT (0.5 lbm)(0.3 704 psia • ft 3 /lbm- R)(120+ 460 R) 3 

V\ — = = 1 .08 ft 

P { 99.33 psia 
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3-121E The difference in the volume of chamber 1 for two cases of pressure in chamber 3 is to be determined. 
Assumptions At specified conditions, air behaves as an ideal gas. 

Properties The gas constant of air is R = 0.3704 psia-ft 3 /lbm-R (Table A-l). 

Analysis Since R-134a in chamber 2 is condensing, the pressure in this chamber is the saturation pressure, 

P 2 = ^sat@i 20 °F = 186.0 psia (Table A-l IE) 

Summing the forces acting on the piston in the vertical direction gives 


f 2 +f 3 = f x 


^2^2 + ^ 3(^1 A 2 ) - P\A X 
which when solved for P x gives 


P x =P 2 


A 


A , 


+ A 


1 


A 


A 


1 J 


since the areas of the piston faces are given by A - nD / 4 the above 
equation becomes 


P X =P 2 


f d A 

2 


f d 2 ) 

2 


+ P 3 

1- 



v D \ V 



v D i / 



( 2V 

= (186.0 psia) — +(60kPa) 


1- 


r 2^ 2 


v 


= 116 psia 

According to the ideal gas equation of state, 



„ mRT (0.5 lbm)(0.3704psia • ft 3 /lbm • R)(120 + 460 R) A(V ^ 3 

r | • y U i l 

P x 116 psia 

For a chamber 3 pressure of 30 psia, the volume of chamber 1 was determined to be 1.08 ft 3 . Then the change in the volume 
of chamber 1 is 

AC/ = {/ 2 =1.08 -0.926 = 0.1 54 ft 3 
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3-122 Ethane is heated at constant pressure. The final temperature is to be determined using ideal gas equation and the 
compressibility charts. 

Properties The gas constant, the critical pressure, and the critical temperature of ethane are, from Table A-l, 

R = 0.2765 kPa-m 3 /kg-K, T CI = 305.5 K, P a = 4.48 MPa 

Analysis From the ideal gas equation, 


T 2 =T x ^- = (373 K)(l .6) = 596.8 K 

"l 


From the compressibility chart at the initial state (Fig. A- 15), 


Tr 1 
Pr\ 


A 

T cr 

A 

^cr 


373 K 
305.5 K “ 
10 MPa 
4.48 MPa 


1.221 
= 2.232 


Zj = 0.61, u RX = 0.35 


Ethane 
10 MPa 
100°C 


Q 


At the final state, 


Pri ~ Pr\ ~ 2-232 

</ R2 =l.6v Rl = 1.6(0.35) = 0.56 


Z 2 = 0.83 


Thus, 

T _ P 2 V 2 _ Pi "RiTcr _ 10,000 kPa (0.56X305.5 K) _ 16QK 
2 Z 2 R Z 2 P CI 0.83 4480 kPa 


Of these two results, the accuracy of the second result is limited by the accuracy with which the charts may be read. 
Accepting the error associated with reading charts, the second temperature is the more accurate. 


3-123 A large tank contains nitrogen at a specified temperature and pressure. Now some nitrogen is allowed to escape, and 
the temperature and pressure of nitrogen drop to new values. The amount of nitrogen that has escaped is to be determined. 

Properties The gas constant for nitrogen is 0.2968 kPa-m 3 /kg-K (Table A-l). 

Analysis Treating N 2 as an ideal gas, the initial and the final masses in the tank are determined to be 


m x 


m 2 


py_ 

RT X 

rt 2 


(600 kPa)(20 m 3 ) 
(0.2968kPa • m 3 /kg • K)(296 K) 
(400 kPa)(20 m 3 ) 
(0.2968 kPa • m 3 /kg • K)(293 K) 


136.6 kg 


= 92.0 kg 


Thus the amount of N 2 that escaped is 

Am = m x - m 2 = 136.6 - 92.0 = 44.6 kg 
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3-124 The rigid tank contains saturated liquid-vapor mixture of water. The mixture is heated until it exists in a single 
phase. For a given tank volume, it is to be determined if the final phase is a liquid or a vapor. 

Analysis This is a constant volume process (i/= W/m = constant), and thus the final specific volume will be equal to the 
initial specific volume, 

c / 2 

The critical specific volume of water is 0.003 106 m 3 /kg. Thus if the final specific 
volume is smaller than this value, the water will exist as a liquid, otherwise as a vapor. 

'j 

V = 4 L »(/ = — = m _ o Q 02 m 3 /kg < t/ cr Thus, liquid. 

m 2 kg 


(/ 0.4 nr i 

(/ = 400L >v = — = = 0.2 m 3 /kg> </ cr . Thus, vapor 

m 2 kg 


H 2 0 
C/= 4 L 

m = 2 kg 

r=50°C 


3-125 Two rigid tanks that contain hydrogen at two different states are connected to each other. Now a valve is opened, and 
the two gases are allowed to mix while achieving thermal equilibrium with the surroundings. The final pressure in the tanks 
is to be determined. 

• *3 

Properties The gas constant for hydrogen is 4.124 kPa-m Vkg-K (Table A-l). 

Analysis Let's call the first and the second tanks A and B. Treating H 2 as an ideal gas, the total volume and the total mass of 
H 2 are 


[/ = [/ A +v B = 0.5 + 0.5 = 1.0 nr 


m A = 


m B = 


r P x 1/' 


RP 


(400 kPa)(0.5m 3 ) 


1 J A 


py 


(4.124 kPa • m 3 /kg • K)(293 K) 
(150 kPa)(0.5 m 3 ) 


RT l ) g (4.124 kPa • m 3 /kg • K)(323 K) 
m = m A + m B = 0.1655 + 0.0563 = 0.2218 kg 


= 0.1655 kg 


= 0.0563 kg 


A B 



Then the final pressure can be determined from 

p mPT 2 (0.2218kg)(4.124kPa-m 3 /kg-K)(288 K) 26/|kp3 
V 1.0 m 3 
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3-126 Problem 3-125 is reconsidered. The effect of the surroundings temperature on the final equilibrium pressure in 

the tanks is to be investigated. The final pressure in the tanks is to be plotted versus the surroundings temperature, and the 
results are to be discussed. 


Analysis The problem is solved using EES, and the solution is given below. 


"Given Data" 

V_A=0.5 [m A 3] 

T_A=20 [C] 

P_A=400 [kPa] 

V_B=0.5 [m A 3] 

T_B=50 [C] 

P_B=150 [kPa] 

{T_2=15[C]} 

"Solution" 

R=R_u/MOLARMASS(H2) 

R u=8.314 [kJ/kmol-K] 

V_total=V_A+V B 

mtota I = m_A+ m_B 

P_A*V_A=m_A*R*(T_A+273) 

P_B*V_B=m_B*R*(T_B+273) 

P_2*V_total=m_total*R*(T_2+273) 



t 2 [C] 


p 2 

fkPal 

t 2 

[Cl 

240.6 

-10 

245.2 

-5 

249.7 

0 

254.3 

5 

258.9 

10 

263.5 

15 

268 

20 

272.6 

25 

277.2 

30 
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3-127 The pressure in an automobile tire increases during a trip while its volume remains constant. The percent increase in 
the absolute temperature of the air in the tire is to be determined. 

Assumptions 1 The volume of the tire remains constant. 2 Air is an ideal gas. 

Properties The local atmospheric pressure is 90 kPa. 

Analysis The absolute pressures in the tire before and after the trip are 

Pi = w i + ^atm = 200 + 90 = 290 kPa 
Pi = ^gage,2 + P Mm = 220 + 90 = 3 10 kPa 

Noting that air is an ideal gas and the volume is constant, the ratio of absolute 
temperatures after and before the trip are 

P\V\ _ P 2^2 > P 2 _ P 2 _ 310kPa _ i 

T x T 2 T x ~ P x 290 kPa 

Therefore, the absolute temperature of air in the tire will increase by 6 . 9 % during this trip. 


TIRE 
200 kPa 
0.035 m 3 



3-128 The temperature of steam in a tank at a specified state is to be determined using the ideal gas relation, the 
generalized chart, and the steam tables. 

Properties The gas constant, the critical pressure, and the critical temperature of water are, from Table A-l, 

R = 0.4615 kPa-m 3 /kg-K, T cr = 647.1 K, P a = 22.06 MPa 


Analysis (a) From the ideal gas equation of state, 

p _ RT _ (0.46 1 5 kPa ■ m 3 /kg • K)(673 K) ^ g kpj 
</ 0.02 m 3 /kg 


(b) From the compressibility chart (Fig. A- 15a), 


Tr 


1/ 


R 


T 

T 

•*cr 


673 K 
647.1 K 


1.040 


c/ actual _ (0.02 m 3 /kg)(22,060 kPa) 

RT ct / p cr (0.4615 kPa • m 3 /kg • K)(647. 1 K) 


\ p R 


1.48 


0.57 


h 2 o 

0.02 m 3 /kg 
400°C 


Thus, 


P = P R P cr = 0.57 x 22,060 = 1 2,574 kPa 


(c) From the superheated steam table, 


T 

v 


400°C 
0.02 m 3 /kg 


j / 3 = 12,515 kPa 


(from EES) 
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3-129 One section of a tank is filled with saturated liquid R-134a while the other side is evacuated. The partition is 
removed, and the temperature and pressure in the tank are measured. The volume of the tank is to be determined. 

Analysis The mass of the refrigerant contained in the tank is 


3-67 


l/, 0.03 m 3 

m = — = 

0.0008934 m 3 /kg 


33.58 kg 


since 


v i =c 7@i.4MPa = 0.0008934 m 3 /kg 
At the final state (Table A- 13), 

P 2 = 400 kPa 


T 2 = 30°C 


i/ 2 = 0.05680 m J /kg 


R-134a 


P=1.2 MPa 

Evacuated 

t/=0.03 m 3 



Thus, 

l/ tank =V 2 = rnv 2 = (33.58 kg)(0.05680 m 3 /kg) = 1 .91 m 3 
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3-130 Problem 3-129 is reconsidered. The effect of the initial pressure of refrigerant- 134 on the volume of the tank 

is to be investigated as the initial pressure varies from 0.5 MPa to 1.5 MPa. The volume of the tank is to be plotted versus 
the initial pressure, and the results are to be discussed. 

Analysis The problem is solved using EES, and the solution is given below. 


"Given Data" 
x_1=0.0 

Vol_1=0.03 [m A 3] 
P_1=1200 [kPa] 
T_2=30 [C] 
P_2=400 [kPa] 


"Solution" 

v_1=volume(R134a,P=P_1,x=x_1) 

Vol_1=m*v_1 

v_2=volume(R134a,P=P_2,T=T_2) 
Vol 2=m*v 2 


Pi 

fkPal 

Vol 2 

[m 3 ] 

m 

[kgl 

500 

2.114 

37.23 

600 

2.078 

36.59 

700 

2.045 

36.01 

800 

2.015 

35.47 

900 

1.986 

34.96 

1000 

1.958 

34.48 

1100 

1.932 

34.02 

1200 

1.907 

33.58 

1300 

1.883 

33.15 

1400 

1.859 

32.73 

1500 

1.836 

32.32 



Pi [kPa] 
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3-131 A propane tank contains 5 L of liquid propane at the ambient temperature. Now a leak develops at the top of the tank 
and propane starts to leak out. The temperature of propane when the pressure drops to 1 atm and the amount of heat 
transferred to the tank by the time the entire propane in the tank is vaporized are to be determined. 

Properties The properties of propane at 1 atm are T sat = -42.1°C, p = 581 kg/m , and h fg = 427.8 kJ/kg (Table A-3). 

Analysis The temperature of propane when the pressure drops 
to 1 atm is simply the saturation pressure at that temperature, 

^ = ^sat@l atm = “42.1° C 

The initial mass of liquid propane is 

m = pV = (581kg/m 3 )(0.005 m 3 ) = 2.905 kg 

The amount of heat absorbed is simply the total heat of vaporization, 

^absorbed = mh fg = ( 2 - 905 kg)(427.8 kJ /kg) = 1243 kj 


3-132 An isobutane tank contains 5 L of liquid isobutane at the ambient temperature. Now a leak develops at the top of the 
tank and isobutane starts to leak out. The temperature of isobutane when the pressure drops to 1 atm and the amount of 
heat transferred to the tank by the time the entire isobutane in the tank is vaporized are to be determined. 

Properties The properties of isobutane at 1 atm are r sat = -11.7°C, p = 593.8 kg/m 3 , and h tg = 367.1 kJ/kg (Table A-3). 

Analysis The temperature of isobutane when the pressure drops to 1 atm is simply the saturation pressure at that 
temperature, 

t — T - -11 7°r 

1 1 sat @1 atm A ^ 

The initial mass of liquid isobutane is 

m = pV = (593.8 kg/m 3 )(0.005 m 3 ) = 2.969kg 
The amount of heat absorbed is simply the total heat of vaporization, 

Gabsorbed = ™h fg = (2-969 kg)(367.1 kJ/kg) = 1090 kj 


3-133 A tank contains helium at a specified state. Heat is transferred to helium until it reaches a specified temperature. The 
final gage pressure of the helium is to be determined. 

Assumptions 1 Helium is an ideal gas. 

Properties The local atmospheric pressure is given to be 100 kPa. 

Analysis Noting that the specific volume of helium in the tank remains 
constant, from ideal gas relation, we have 

P , = P x — = (110 + 100 kPa) (3 °° + 273)K = 343.8 kPa 
Tj (77 + 273)K 

Then the gage pressure becomes 

^gage.2 =P 2 - = 343.8 - 100 = 244 kPa 
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3-134 The first eight virial coefficients of a Benedict-Webb-Rubin gas are to be obtained. 
Analysis The Benedict-Webb-Rubin equation of state is given by 


3-70 


P= RJ_ 


V 


R o R J A) 


C f 


T 


) 1 

bR.T - a 

, u 

aa 

- 

c 

A 

<7 2 

u‘ 

u 3 r 2 


1 + 


y_ 

V 2 J 


exp(-y / v ) 


Expanding the last term in a series gives 


expH'/i/ 2 ) + + 


v 2 2! U 4 3! <7 


Substituting this into the Benedict-Webb-Rubin equation of state and rearranging the first terms gives 


p = R u T + R u TB o - A o ~ c o /T + hR u T - a + c(l + y) + ac^_ cy(l + y) + J_ c/ 2 (! + y) 


v 


(7 2 


u 2 


i7 5 r 2 


<7 6 


i7 v r 2 


2! 


^r 2 


The virial equation of state is 


„ RJ , «(T) , b(T) , c(r) , J(T) , e(r) , /(7) , g(T) , fc(r) 

i = 1 1 1 1 1 : 1 1 h 


(/ 


<7 2 


c7 3 


i7 4 


i7 5 


<7 6 


<7 7 


c/ 


c7 9 


Comparing the Benedict-Webb-Rubin equation of state to the virial equation of state, the virial coefficients are 

a(T) = R U TB 0 — A 0 - C 0 / T 2 
b(T) = bR u T - a 
c(T) = 0 

d(T) = c(l + r)/T 2 
e(T ) = aa 

f(T) = cy(\ + y)IT 2 
g(T) = 0 

HT) = L c r 2 (\ + r ) 

T 2 


3-135 The table is completed as follows: 


P, kPa 

r,°c 

</, m 3 /kg 

u , kJ/kg 

Condition description and quality, if 
applicable 

300 

250 

0.7921 

2728.9 

Superheated vapor 

300 

133.52 

0.3058 

1560.0 

x = 0.504, Two-phase mixture 

101.42 

100 

- 

- 

Insufficient information 

3000 

180 

0.001127* 

761.92* 

Compressed liquid 


Approximated as saturated liquid at the given temperature of 180°C 
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3-136 The table is completed as follows: 


P, kPa 

T,° C 

</, m 3 /kg 

u , kJ/kg 

Condition description and quality, if 
applicable 

200 

120.2 

0.8858 

2529.1 

Saturated vapor 

232.23 

125 

0.5010 

1831.0 

x = 0.650, Two-phase mixture 

7829 

400 

0.0352 

2967.2 

Superheated vapor 

1000 

30 

0.001004* 

125.73* 

Compressed liquid 

120.90 

105 

- 

- 

Insufficient information 


Approximated as saturated liquid at the given temperature of 30°C 
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T [°C] P [kPa] 
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3-137 Water at a specified state is contained in a tank. It is now cooled. The process will be indicated on the P- c/and T- v 
diagrams. 

Analysis The properties at the initial and final states are 


P x = 300 kPa 
T x = 250°C 


> V\ 


= 0.7964 m 3 /kg 


(Table A - 6) 


P 2 = 150kPa 

v 2 = V] = 0.7964 nrVkg 


\T 2 = 1 1 1.35°C 


(Table A - 5) 


Using Property Plot feature of EES, and by adding state points we obtain following diagrams. 
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T [°C] P [kPa] 
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3-138 Water at a specified state is contained in a piston-cylinder device fitted with stops. Water is now heated until a final 
pressure. The process will be indicated on the P- i/and T- (/diagrams. 

Analysis The properties at the three states are 


Pi 

V 1 


= 300 kPa 
= 0.5 m 3 /kg 



133. 5°C (Table A -5) 


Pi 

x 2 


= 300 kPa 
= 1 (sat. vap.) 


> v 


= 0.6058 m 3 /kg,r 2 =133.5°C 


(Table A -5) 



= 600 kPa 
= 0.6058 m 3 /kg 



517. 8°C (Table A -6) 



Using Property Plot feature of EES, and by adding state points we obtain following diagrams. 
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3-139E Argon contained in a piston-cylinder device at a given state undergoes a polytropic process. The final temperature 
is to be determined using the ideal gas relation and the Beattie-Bridgeman equation. 


Analysis (a) The polytropic relations for an ideal gas give 

- (300 + 460 R) 


T 2 = T l 


r p v'- 1/n 


K P U 


/ . \ 0 . 6 / 1. 6 

r 2000 psia 3 


= 986 R 


1000 psia 

(b) The constants in the Beattie-Bridgeman equation are expressed as 

0.0232+ 


A = A, 


B = B. 


' a A 

1 -- 


c/ 

i-4 

c/ 


= 130.7802 


1- 


v 


c/ 


\ r 

= 0.03931 


v 


l-° 

c/ 



c - 5.99 x 10 4 m 3 • K 3 /kmol 


Substituting these coefficients into the Beattie-Bridgeman equation and using data in SI units (P = 1000 psia = 6895 kPa, 
T=760 R = 422.2 K, R u = 8.3 14 kJ/kmol-K) 


P = 


R..T 


U 2 


1 


c 


UT 


iy 


A 


v 


and solving using an equation solver such as EES gives 
c7 = 0.5120 m 3 /kmol = 8.201 ft 3 /lbmol 


From the polytropic equation 


4 P N 


1 / n 


Vi = (/, 


\ P 2J 


= (0.5 120 m 3 /kmol) 


Z^l/l-6 

V2y 


= 0.3319 m 3 /kmol 


Substituting this value into the Beattie-Bridgeman equation and using data in SI units (P = 2000 psia = 13790 kPa and R l( 
8.314 kJ/kmol-K), 


P = 


R..T 


u 2 




A 


UT - j v 

and solving using an equation solver such as EES gives 


T \ = 532.2 K =958 R 
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3-140E The specific volume of nitrogen at a given state is to be determined using the ideal gas relation, the Benedict- 
Webb-Rubin equation, and the compressibility factor. 

Properties The properties of nitrogen are (Table A- IE) 

R = 0.3830 psia-ft 3 /lbm-R, M = 28.013 lbm/lbmol, r cr = 227.1 R, R cr = 492 psia 

Analysis (a) From the ideal gas equation of state, 

v = KL = (0-3830 psia • ft 3 /lbm • R)(360 R) = Q ^ ? ft3/|bm 
P 400 psia 

( b ) Using the coefficients of Table 3-4 for nitrogen and the given data in SI units, the 
Benedict- Webb-Rub in equation of state is 



P ^ + 

v 




1 

bRJ-a 

aa 

C 

( 

u 

c7 3 

V H 

U'T 2 

1 

V 


r 


-2 


2 

exp (-7 / 1 / ) 


275g = (8.314X200) 


1 / 


0.04074x8.314x200-106.73 


8.164x10- 

200 2 


1 0.002328x8.314x200-2.54 

t- 


c7 2 


i / 3 


2.54xl.272xl0^ 4 7.379x10' 




i7 3 (200 ) 2 


1 + 


0.0053 


v 2 J 


exp(-0.0053/ £7 2 ) 


The solution of this equation by an equation solver such as EES gives 


c/ = 0.5666 m 3 /kmol 


Then, 


1 / 0.5666 m 3 /kmol 


v = 


16.02 ft' 71bm 


M 28.013 kg/kmol ^ lm 3 /kg 

(c) From the compressibility chart (Fig. A- 15), 
T 360 R 


= 0.3240 ft 3 /lbm 


Tr = 


Pr = 


T C[ 227.1 R 

P 400 psia 


= 1.585 


P cr 492 psia 


= 0.813 


Z = 0.94 


Thus, 


V = Zt/ ideal = (0.94)(0.3447 ft 3 /lbm) = 0.3240 ft 3 /lbm 
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Fundamentals of Engineering (FE) Exam Problems 
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3-141 A rigid tank contains 2 kg of an ideal gas at 4 atm and 40°C. Now a valve is opened, and half of mass of the gas is 
allowed to escape. If the final pressure in the tank is 2.2 atm, the final temperature in the tank is 

(a) 71°C (b) 44 °C (c) -100°C (d) 20°C (e) 172°C 

Answer (a) 71°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


"When R=constant and V= constant, P1/P2=m1*T1/m2*T2" 
ml =2 "kg" 

PI =4 "atm" 

P2=2.2 "atm" 

T1 =40+273 "K" 
m2=0.5*m1 "kg" 

P1/P2=m1*T1/(m2*T2) 

T2_C=T2-273 "C" 

"Some Wrong Solutions with Common Mistakes:" 

P1/P2=m1 *(T1-273)/(m2*W1_T2) "Using C instead of K" 

P1/P2=m1*T1/(m1*(W2_T2+273)) "Disregarding the decrease in mass" 
P1/P2=m1*T1/(m1*W3_T2) "Disregarding the decrease in mass, and not converting to deg. C" 
W4_T2=(T 1 -273)12 "Taking T2 to be half of T 1 since half of the mass is discharged" 


3-142 The pressure of an automobile tire is measured to be 190 kPa (gage) before a trip and 215 kPa (gage) after the trip at 
a location where the atmospheric pressure is 95 kPa. If the temperature of air in the tire before the trip is 25°C, the air 
temperature after the trip is 

(a) 51.1°C (b) 64.2°C (c) 27.2°C (d) 28.3°C (e) 25.0°C 

Answer (a)51.1°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

"When R, V, and m are constant, P1/P2=T1/T2" 

Patm=95 

P1=190+Patm "kPa" 

P2=215+Patm "kPa" 

T1 =25+273 "K" 

P1/P2=T1/T2 
T2_C=T2-273 "C" 

"Some Wrong Solutions with Common Mistakes:" 

P1/P2=(T1-273)/W1_T2 "Using C instead of K" 

(P1-Patm)/(P2-Patm)=T1/(W2_T2+273) "Using gage pressure instead of absolute pressure" 
(P1-Patm)/(P2-Patm)=(T1-273)/W3_T2 "Making both of the mistakes above" 

W4_T2=T1-273 "Assuming the temperature to remain constant" 
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3-143 A 300-m rigid tank is filled with saturated liquid-vapor mixture of water at 200 kPa. If 25% of the mass is 
liquid and the 75% of the mass is vapor, the total mass in the tank is 

(a) 451 kg (b) 556 kg (c) 300 kg (d) 331 kg (e) 195 kg 

Answer (a) 45 1 kg 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


V_tank=300 "m3" 

PI =200 "kPa" 
x=0.75 

v_f=VOLUME(Steam_IAPWS, x=0,P=P1 ) 
v_g=VOLUME(Steam_IAPWS, x=1 ,P=P1 ) 
v= v_f +X* ( v_g - v_f ) 
m=V_tank/v "kg" 

"Some Wrong Solutions with Common Mistakes:" 

R=0.461 5 "kJ/kg.K" 

T=TEMPERATURE(SteamJAPWS,x=0,P=P1) 
P1*V_tank=W1_m*R*(T+273) "Treating steam as ideal gas" 
P1*V_tank=W2_m*R*T "Treating steam as ideal gas and using deg.C" 
W3_m=V_tank "Taking the density to be 1 kg/m A 3" 


3-144 Water is boiled at 1 atm pressure in a coffee maker equipped with an immersion-type electric heating element. The 
coffee maker initially contains 1 kg of water. Once boiling started, it is observed that half of the water in the coffee maker 
evaporated in 10 minutes. If the heat loss from the coffee maker is negligible, the power rating of the heating element is 

(a) 3.8 kW (b) 2.2 kW (c)1.9kW (d)1.6kW (e)0.8kW 

Answer (c) 1.9 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


m_1=1 "kg" 

P=1 01 .325 "kPa" 

time=10*60 "s" 

m_evap=0.5*m_1 

Power*time=m_evap*h_fg "kJ" 

h_f=ENTHALPY(SteamJAPWS, x=0,P=P) 

h_g=ENTHALPY(SteamJAPWS, x=1 ,P=P) 

h_fg=h_g-h_f 


"Some Wrong Solutions with Common Mistakes:" 
W1_Power*time=m_evap*h_g "Using h_g" 

W2_Power*time/60=m_evap*h_g "Using minutes instead of seconds for time" 
W3_Power=2*Power "Assuming all the water evaporates" 
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' 3 _ 

3-145 A 1 -in rigid tank contains 10 kg of water (in any phase or phases) at 160°C. The pressure in the tank is 
(a) 738 kPa (b)618kPa (c) 370 kPa (d) 2000 kPa (e) 1618 kPa 

Answer (b) 618 kPa 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


V_tank=1 "m A 3" 
m=10 "kg" 
v=V_tank/m 
T=1 60 "C" 

P=PRESSURE(Steam_IAPWS,v=v,T=T) 

"Some Wrong Solutions with Common Mistakes:" 

R=0.461 5 "kJ/kg.K" 

W1_P*V_tank=m*R*(T+273) "Treating steam as ideal gas" 
W2_P*V_tank=m*R*T "Treating steam as ideal gas and using deg.C" 


3-146 Water is boiling at 1 atm pressure in a stainless steel pan on an electric range. It is observed that 2 kg of liquid 
water evaporates in 30 minutes. The rate of heat transfer to the water is 

(a) 2.51 kW (b) 2.32 kW (c)2.97kW (d) 0.47 kW (e)3.12kW 

Answer (a) 2.51 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


m_evap=2 "kg" 

P=1 01 .325 "kPa" 
time=30*60 "s" 

Q*time=m_evap*h_fg "kJ" 
h_f=ENTHALPY(Steam_IAPWS, x=0,P=P) 
h_g=ENTHALPY(Steam_JAPWS, x=1 ,P=P) 
h_fg=h_g-h_f 


"Some Wrong Solutions with Common Mistakes:" 
W1_Q*time=m_evap*h_g "Using h_g" 

W2_Q*time/60=m_evap*h_g "Using minutes instead of seconds for time" 
W3_Q*ti me= m_evap* h_f "Using h_f" 
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3-147 Water is boiled in a pan on a stove at sea level. During 10 min of boiling, its is observed that 200 g of water has 
evaporated. Then the rate of heat transfer to the water is 

(a) 0.84 kJ/min (b) 45.1kJ/min (c) 41.8kJ/min (d) 53.5 kJ/min (e) 225.7 kJ/min 
Answer (b) 45.1 kJ/min 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


m_evap=0.2 "kg" 

P=1 01 .325 "kPa" 
time=10 "min" 

Q*time=m_evap*h_fg "kJ" 
h_f=EI\ITHALPY(Steam_IAPWS, x=0,P=P) 
h_g=ENTHALPY(Steam_IAPWS, x=1 ,P=P) 
h_fg=h_g-h_f 


"Some Wrong Solutions with Common Mistakes:" 
W1_Q*time=m_evap*h_g "Using h_g" 

W2_Q*time*60=m_evap*h_g "Using seconds instead of minutes for time" 
W3_Q*ti me= m_evap* h_f "Using h_f" 


3 

3-148 A rigid 3-nr rigid vessel contains steam at 4 MPa and 500°C. The mass of the steam is 
(a) 3 kg (b) 9 kg (c) 26 kg (d) 35 kg (e) 52 kg 

Answer (d) 35 kg 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


V=3 "m A 3" 
m=V/v1 "m A 3/kg" 

PI =4000 "kPa" 

T1=500 "C" 

vl =VOLUME(Steam_IAPWS,T=T1 ,P=P1 ) 

"Some Wrong Solutions with Common Mistakes:" 

R=0.461 5 "kJ/kg.K" 

P1*V=W1_m*R*(T1+273) "Treating steam as ideal gas" 
P1*V=W2_m*R*T1 "Treating steam as ideal gas and using deg.C" 
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3-149 Consider a sealed can that is filled with refrigerant- 134a. The contents of the can are at the room temperature of 
25°C. Now a leak developes, and the pressure in the can drops to the local atmospheric pressure of 90 kPa. The 
temperature of the refrigerant in the can is expected to drop to (rounded to the nearest integer) 

(a) 0°C (b) -29°C (c)-16°C (d) 5°C (e) 25°C 

Answer (b) -29°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T1=25 "C" 

P2=90 "kPa" 

T2=TEMPERATURE(R1 34a,x=0,P=P2) 

"Some Wrong Solutions with Common Mistakes:" 
W1_T2=T1 "Assuming temperature remains constant" 


3-150 ... 3-152 Design and Essay Problems 
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Moving Boundary Work 


4-2 


4-1C Yes. 


4-2C The area under the process curve, and thus the boundary work done, is greater in the constant pressure case. 


4-3 lkPa-m 3 = lk(N/m 2 )-m 3 =lkN-m = lkJ 


4-4 Helium is compressed in a piston-cylinder device. The initial and final temperatures of helium and the work required to 
compress it are to be determined. 

Assumptions The process is quasi-equilibrium. 

Properties The gas constant of helium is R = 2.0769 kJ/kg-K (Table A-l). 

Analysis The initial specific volume is 


7 m 3 
m 1 kg 


7 m 3 /kg 


P 
(kPa) 


A 


Using the ideal gas equation, 

T = = (150 kPa)(7 nrVkg) = 505 ■) K 

1 R 2.0769 kJ/kg-K 

Since the pressure stays constant, 

## ^ 3 

T-, =—T x =-^-(505. IK) = 216.5 K 


l/, 


7m 


and the work integral expression gives 

2 


200 



w bt out = \ PdV = P(V 2 - V x ) = (150 kPa)(3 - 7) m : 


lkPa-m 3 


7 


= -600 kJ 


> 

l/(m 3 ) 


That is, 

W bM = 600 kJ 
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4-5E The boundary work done during the process shown in the figure is to be determined. 

Assumptions The process is quasi-equilibrium. 

Analysis The work done is equal to the the sumof the areas 
under the process lines 1-2 and 2-3: 

W b , out = Area = (V 2 - ) + P 2 (V 3 - V 2 ) 


(300 + 15)psia 


f 


(3.3-1) ft 3 ) 

/ 


lBtu 


5.404 psia • ft 


+ (300 psia)(2 - 3.3)ft 

= -5.14 Btu 


1 Btu 


5.404 psia - ft 


The negative sign shows that the work is done on the system. 



4-6 The work done during the isothermal process shown in the figure is to be determined. 
Assumptions The process is quasi-equilibrium. 

Analysis From the ideal gas equation, 

RT 


P = 


v 


For an isothermal process, 

(/i = c/ 2 — = (0.2 mVkg) 


P 2 _ 3 „ 600 kPa 


Pi 


200 kPa 


= 0.6 m J /kg 


Substituting ideal gas equation and this result into the boundary 
work integral produces 


W t 


b, out 


2 r 2 do 

= 1 Pdv = mRT 


+ 


[ ™ 

J l (/ 



A « 3 

= mP l v l In — = (3 kg)(200 kPa)(0.6 m 3 ) In +l£L 
f'l 0.6 m 3 

= -395.5 kJ 

The negative sign shows that the work is done on the system. 


lkJ 


1 kPa-m 


v. m 3 /b 
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4-7 A piston-cylinder device contains nitrogen gas at a specified state. The boundary work is to be determined for the 
polytropic expansion of nitrogen. 


Properties The gas constant for nitrogen is 0.2968 kJ/kg.K (Table A-2). 
Analysis The mass and volume of nitrogen at the initial state are 


m — 


m 

RT X 


(130 kPa)(0.07 m 3 ) 
(0.2968 kJ/kg.K)(120 + 273 K) 


0.07802 kg 



mRT 2 

~TT 


(0.07802 kg)(0.2968 kPa.m 3 /kg.K)(100 + 273 K) 

100 kPa 


= 0.08637 m 3 



The polytropic index is determined from 

Ptf = P 2 V 2 >(130kPa)(0.07m 3 )" = (1 00 kPa)(0. 08637 m 3 )” >n = 1.249 

The boundary work is determined from 


Wu = 


P 2 V 2 - p \V\ (100 kPa)(0. 08637 m 3 ) - (130 kPa)(0.07 m 3 ) 


1 -n 


1-1.249 


1 .86 kJ 


4-8 A piston-cylinder device with a set of stops contains steam at a specified state. Now, the steam is cooled. The 
compression work for two cases and the final temperature are to be determined. 


Analysis (a) The specific volumes for the initial and final states are (Table A-6) 


P x = 1 MPa 
7j = 400°C 




0.30661 m 3 /kg 


P 2 = 1 MPa 
T 2 = 250°C 


!>c/o = 


0.23275 m 3 /kg 


Noting that pressure is constant during the process, the boundary 
work is determined from 

W b = mP(v } - v 2 ) = (0.3 kg)(1000 kPa)(0.30661 - 0.23275)m 3 /kg = 22.1 6 kJ 



(b) The volume of the cylinder at the final state is 60% of initial volume. Then, the 
boundary work becomes 

W b = mP(y x - 0.60^) = (0.3 kg)(1000 kPa)(0.30661 - 0.60 x 0.30661)m 3 /kg = 36.79 kJ 


The temperature at the final state is 
P 2 = 0.5 MPa 

i/ 2 =(0.60x0.30661) m 3 /kg 


■r 2 =151.8°C (Table A-5) 
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4-9 A piston-cylinder device contains nitrogen gas at a specified state. The final temperature 
and the boundary work are to be determined for the isentropic expansion of nitrogen. 

Properties The properties of nitrogen are R = 0.2968 kJ/kg.K , k = 1.395 (Tables A-2a, 
A-2b) 


Analysis The mass and the final volume of nitrogen are 

(130 kPa)(0.07 m 3 ) 


m = 


m 


= 0.06768 kg 


RT X (0.2968 kJ/kg.K)(l 80 + 273 K) 

— >(130 kPa)(0.07 m 3 ) 1395 = (80 kPa)^ 1395 


W k =P 2 vf 


The final temperature and the boundary work are determined as 
P 2 V 2 (80 kPa)(0.09914 m 3 ) 


t 2 = 


W b = 


mR (0.06768 kg)(0.2968 kPa.m 3 /kg.K) 

p 2 v 2 -pm 


395 K 


+ V 2 = 0.09914 m 


1^1 


l — k 


(80 kPa)(0.09914m 3 ) - ( 130 kPa)(0.07 m 3 ) 
1-1.395 


2.96 kJ 



4-10 Saturated water vapor in a cylinder is heated at constant pressure until its temperature rises to a specified value. The 
boundary work done during this process is to be determined. 

Assumptions The process is quasi-equilibrium. 

Properties Noting that the pressure remains constant during this process, the specific volumes at the initial and the final 
states are (Table A-4 through A-6) 


P x = 300 kPa 
Sat. vapor 
P 2 = 300 kPa 
T 2 = 200°C 


^1 ~ ^g@300 


kPa - 0.60582 m 3 /kg 


i/ 2 = 0.71643 m 3 /kg 


P 

(kPa) 


300 


Analysis The boundary work is determined from its definition to be 

2 



w b , out = [ PdV = P(U 2 - 1/,) = mP(v 2 - (/, ) 

= (5 kg)(300 kPa)(0.71643 - 0.60582) m 3 /kg 

= 165.9 kJ 


> 1 / 


' lkJ N 
1 kPa • m 3 


Discussion The positive sign indicates that work is done by the system (work output). 
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4-11 Refrigerant- 134a in a cylinder is heated at constant pressure until its temperature rises to a specified value. The 
boundary work done during this process is to be determined. 

Assumptions The process is quasi-equilibrium. 

Properties Noting that the pressure remains constant during this process, the specific volumes at the initial and the final 
states are (Table A-l 1 through A- 13) 


P x = 500 kPa 
Sat. liquid 
P 2 = 500 kPa 
T 2 = 70°C 


=^/@ 500 kPa = 0.0008059 m 3 /kg 


t/ 2 = 0.052427 m 3 /kg 


Analysis The boundary work is determined from its definition to be 


l/, 


0.05 m 


m = 


0.0008059 m 3 /kg 


= 62.04 kg 



and 


w b , out = PdV = P(V 2 -(/,) = mP{ i/ 2 - (/, ) 

= (62.04 kg)(500 kPa)(0. 052427 - 0.0008059)m 3 /kg 

= 1600 kJ 


r lkJ 
1 kPa • m 3 , 


Discussion The positive sign indicates that work is done by the system (work output). 
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4-12 



Problem 4-11 is reconsidered. The effect of pressure on the work done as the pressure varies from 400 kPa to 


1200 kPa is to be investigated. The work done is to be plotted versus the pressure. 
Analysis The problem is solved using EES, and the solution is given below. 


"Knowns" 

Vol 1 L=200 [L] 

x_1=0 "saturated liquid state" 

P=900 [kPa] 

T_2=70 [C] 

"Solution" 

Vol_1 =Vol_1 L*convert(L,m A 3) 

"The work is the boundary work done by the R-1 34a during the constant pressure process." 

W_boundary=P*(Vol_2-Vol_1 ) 

"The mass is:" 

VoM =m*v_1 

v_1 =volume(R1 34a,P=P,x=x_1 ) 

Vol_2=m*v_2 

v_2=volume(R1 34a,P=P,T=T_2) 


"Plot information:" 

v[1 ]= v 1 

v[2]=v_2 

P[1]=P 

P[2]=P 

T[1 ]=temperature(R1 34a,P=P,x=x_1 ) 
T[2]=T_2 


p 

fkPal 

^boundary 

[kJ] 

200 

1801 

400 

1661 

500 

1601 

600 

1546 

700 

1493 

800 

1442 

900 

1393 

1000 

1344 

1100 

1297 

1200 

1250 



P [kPa] 
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R1 34a 
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4-13 Water is expanded isothermally in a closed system. The work produced is to be determined. 
Assumptions The process is quasi-equilibrium. 

Analysis From water table 


-^2 -^sat@200°c - 1554.9 kPa 
v \ = l/ f@ 200 °c =0.001 157 m 3 /kg 

P A 
(kPa) 

l/ 2 =<J f +xv fg 

= 0.001157 + 0.80(0.12721-0.001157) 

1555 — 

= 0. 10200 m 3 /kg 


The definition of specific volume gives 

— 


^2 



v l 



0.10200 m 3 /kg 
0.001157 m 3 /kg 


= 88.16 m 3 


1 2 

• ► • 


> 

1 88.16 (/ (m 3 ) 


The work done during the process is determined from 

2 


w, 


6, out 


= J Pd (/ = P(y 2 -V\) = (1554.9 kPa)(88. 16 -l)m 


lkJ 

lkPa-m 


= 1.355x10 s kJ 


4-14 Air in a cylinder is compressed at constant temperature until its pressure rises to a specified value. The boundary 
work done during this process is to be determined. 


Assumptions 1 The process is quasi-equilibrium. 2 Air is an ideal gas. 
Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-l). 
Analysis The boundary work is determined from its definition to be 


W t 


6 , 011 / 


= f 2 Pd = /it/ In — = mRTln — 
Jl 1/ Pn 


= (2.4 kg)(0.287 kJ/kg • K)(285 K)ln 


= -272 kJ 


150 kPa 
600 kPa 



Discussion The negative sign indicates that work is done on the system (work input). 


4-15 Several sets of pressure and volume data are taken as a gas expands. The boundary work done during this 
process is to be determined using the experimental data. 

Assumptions The process is quasi-equilibrium. 

Analysis Plotting the given data on a P- (/diagram on a graph paper and evaluating the area under the process curve, the 
work done is determined to be 0.25 kJ. 
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4-16 A gas in a cylinder expands polytropically to a specified volume. The boundary work done during this process 
is to be determined. 

Assumptions The process is quasi-equilibrium. 

Analysis The boundary work for this polytropic process can be determined directly from 


p 2 =^i 


'tf" 

V^2 J 


= (350 kPa) 


2 ,nL5 

0.03 m 3 ' 


0.2 m 


= 20.33 kPa 


P 


and 


W bjaat =[PdV = 


P2V2-W 

1-/7 


(20.33 x 0.2 - 350 x 0.03) kPa • m 


lkJ 


1 kPa • m 3 


1-1.5 

= 12.9 kj 

Discussion The positive sign indicates that work is done by the system (work output). 
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4-17 



Problem 4-16 is reconsidered. The process described in the problem is to be plotted on a P- {/diagram, and the 


effect of the polytropic exponent n on the boundary work as the polytropic exponent varies from 1.1 to 1.6 is to be plotted. 
Analysis The problem is solved using EES, and the solution is given below. 


Function BoundWork(P[1 ],V[1 ],P[2], V[2],n) 

"This function returns the Boundary Work for the polytropic process. This function is required 
since the expression for boundary work depens on whether n=1 or n<>1 " 

If n<>1 then 

BoundWork:=(P[2]*V[2]-P[1 ]*V[1 ])/(1 -n)"Use Equation 3-22 when n=1" 
else 

BoundWork:= P[1]*V[1]*ln(V[2]/V[1]) "Use Equation 3-20 when n=1" 
endif 
end 

"Inputs from the diagram window" 

{n=1 .5 

P[1] = 350 [kPa] 

V[1] = 0.03 [m A 3] 

V[2] = 0.2 [m A 3] 

Gas$='AIFi'} 

"System: The gas enclosed in the piston-cylinder device." 

"Process: Polytropic expansion or compression, P*V A n = C" 

P[2]*V[2] A n=P[1]*V[1] A n 
"n = 1 .3" "Polytropic exponent" 

"Input Data" 

W_b = BoundWork(P[1],V[1],P[2],V[2],n)"[kJ]" 

"If we modify this problem and specify the mass, then we can calculate the final temperature of 

the fluid for compression or expansion" 

m[1] = m[2] "Conservation of mass for the closed system" 

"Let's solve the problem for m[1] = 0.05 kg" 
m[1] = 0.05 [kg] 

"Find the temperatures from the pressure and specific volume." 

T[1 ]=temperature(gas$,P=P[1 ],v=V[1 ]/m[1 ]) 

T[2]=temperature(gas$,P=P[2],v=V[2]/m[2]) 
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V [m 3 ] 



n 

W b fkJl 

i.i 

18.14 

1.156 

17.25 

1.211 

16.41 

1.267 

15.63 

1.322 

14.9 

1.378 

14.22 

1.433 

13.58 

1.489 

12.98 

1.544 

12.42 

1.6 

11.89 
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4-18 Nitrogen gas in a cylinder is compressed polytropically until the temperature rises to a specified value. The boundary 
work done during this process is to be determined. 


Assumptions 1 The process is quasi-equilibrium. 2 Nitrogen is an ideal gas. 


Properties The gas constant for nitrogen is R = 0.2968 kJ/kg.K (Table A-2a) 


Analysis The boundary work for this polytropic process can be 
determined from 


Wi 


b, out 




-j; 


1-/7 


mR(T 2 -T{) 
1 - n 


_ (2 kg)(0.2968 kJ/kg • K)(360 - 300)K 
1-1.4 

= -89.0 kj 


P A 



Discussion The negative sign indicates that work is done on 
the system (work input). 



. _ t u 

4-19 a gas whose equation of state is c/(P + 10 / 1 / ) 

volume. The unit of the quantity 10 and the boundary work 


= R u T expands in a cylinder isothermally to a specified 
done during this process are to be determined. 


Assumptions The process is quasi-equilibrium. 

Analysis ( a ) The term 1 0 / 1 / must have pressure units since it 
is added to P. 

Thus the quantity 10 must have the unit kPa m /kmol . 

( b ) The boundary work for this process can be determined from 

R U T 10 R U T 10 NR U T lQjV 2 

U j7 2 WIN {[//N) 2 V l/ 2 

and 


P 


A 



> V 




2 (nRT 10 N 2 ] 


V 


V 


V, 7 

cIV = NR„T\n — + \ 0N" 


' 1 P 


C/, 


v^2 V\J 


= (0.2 kmol)(8.314 kJ/kmol • K)(350 K)ln 


+ (10 kPa • m 6 /kmol 2 )(0.5kmol) 2 


4 m 
2 m 


r i 

1 ) 

lkJ ' 

[4 m 3 

2 m 3 y 

v 1 kPa ■ m 3 J 


= 403 kj 

Discussion The positive sign indicates that work is done by the system (work output). 
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4-20 



Problem 4-19 is reconsidered. Using the integration feature, the work done is to be calculated and compared, 


and the process is to be plotted on a P- {/ diagram. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

N=0.2 [kmol] 
v1_bar=2/N "[m A 3/kmol]" 
v2_bar=4/N "[m A 3/kmol]" 

T=350 [K] 

R_u=8.314 [kd/kmol-K] 

"The quation of state is:" 

v_bar*(P+1 0/v_bar A 2)=R_u*T "P is in kPa" 

"using the EES integral function, the boundary work, W_bEES, is" 

W_b_EES=N*integral(P,v_bar, v1_bar, v2_bar,0.01) 

"We can show that W_bhand= integeral of Pdv_bar is 

(one should solve for P=F(v_bar) and do the integral 'by hand' for practice)." 

W_b_hand = N*(R_u*T*ln(v2_bar/v1_bar) +10*(1/v2_bar-1/v1_bar)) 

"To plot P vs v_bar, define P_plot =f(v_bar_plot, T) as" 

{v_bar_plot*(P_plot+10/v_bar_plot A 2)=R_u*T} 

" P=P_plot and v_bar=v_bar_plot just to generate the parametric table for plotting purposes. To plot P vs v_bar 
for a new temperature or v_bar_plot range, remove the ’{’ and '}' from the above equation, and reset the 
v_bar_plot values in the Parametric Table. Then press F3 or select Solve Table from the Calculate menu. Next 
select New Plot Window under the Plot menu to plot the new data." 


P plot 

Vplot 

290.9 

10 

261.8 

11.11 

238 

12.22 

218.2 

13.33 

201.4 

14.44 

187 

15.56 

174.6 

16.67 

163.7 

17.78 

154 

18.89 

145.5 

20 
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4-21 C0 2 gas in a cylinder is compressed until the volume drops to a specified value. The pressure changes during the 

_9 

process with volume as P = a V . The boundary work done during this process is to be determined. 


Assumptions The process is quasi-equilibrium. 

Analysis The boundary work done during this process is determined from 


<n,„, =J+= f 


= -(8 kPa -m 6 )| 

= -53.3 kj 


a 


V 


idi/ = -a 


' i + 


Vyj 


0.1m 3 0.3 m 3 


1 kj 


1 kPa -m 



Discussion The negative sign indicates that work is done on the system (work input). 


4-22E A gas in a cylinder is heated and is allowed to expand to a specified pressure in a process during which the pressure 
changes linearly with volume. The boundary work done during this process is to be determined. 

Assumptions The process is quasi-equilibrium. 

Analysis ( a ) The pressure of the gas changes linearly with volume, and thus the process curve on a P-V diagram will be a 
straight line. The boundary work during this process is simply the area under the process curve, which is a trapezoidal. 
Thus, 

At state 1 : 


P x = a i/ x + b 

15 psia = (5 psia/ft 3 )(7 ft 3 ) + 6 
b = -20 psia 

At state 2: 

P 2 = aV 2 +b 

100 psia = (5 psia/ft 3 )C/ 2 +(-20 psia) 
V 2 =24 ft 3 


P 

(psia) A 


100 


15 


P=aV+b 



> V 

1 (ft 3 ) 


^A.out = Ar e a = 


P +P- 


2 


(t'2-t'l) = 


(100 + 15)psia 
2 


(24- 7)ft 


1 Btu 

5.4039 psia -ft 


= 181 Btu 


Discussion The positive sign indicates that work is done by the system (work output). 
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4-23 A piston-cylinder device contains nitrogen gas at a specified state. The boundary work is to be determined for the 
isothermal expansion of nitrogen. 

Properties The properties of nitrogen are R = 0.2968 kJ/kg.K , k = 1.4 (Table A-2a). 

Analysis We first determine initial and final volumes from ideal gas relation, and find the boundary work using the relation 
for isothermal expansion of an ideal gas 


.. mRT (0.25 kg)(0.2968kJ/kg.K)(180 + 273 K) _ Q , 3 
\/j = = = u.Zjoo m 


p, 


(130 kPa) 


t , _ mRT _ (0.25 kg)(0.2968 kJ/kg.K)(180 + 273 K) _ Q ^ ^ 


P, 


80 kPa 


W b =P x V x \n 


V^i , 


= (130 kPa)(0.2586 m 3 )ln 


' 0.4202 m 3 ^ 
0.2586 m 3 


16.3 kJ 



4-24 A piston-cylinder device contains air gas at a specified state. The air undergoes a cycle with three processes. The 
boundary work for each process and the net work of the cycle are to be determined. 

Properties The properties of air are R = 0.287 kJ/kg.K , k = 1.4 (Table A-2a). 

Analysis For the isothermal expansion process: 


= 


mRT (0.15kg)(0.287kJ/kg.K)(350 + 273K) =Q Q1341m 3 


P 


(2000 kPa) 


u _ mRT _ (0. 15 kg)(0,287 kJ/kg.K)(350 + 273 K) _ Q 05361 m3 


Pn 


(500 kPa) 

= (2000 kPa)(0. 01341 m 3 )ln 
For the polytropic compression process: 


w b , 1-2 = m In 


2© 


' 0.05364 m 3 ^ 
0.01341m 3 


37.18 kJ 


W =p 3 v 3 " 


■>(500 kPa)(0. 05364 m 3 ) 12 = (2000 kPa)^ 1 ' 2 



^^3 = 0.01 690 m 


W, 


b, 2-3 


^ 3^3 ^ 1^2 

1 — n 


(2000 kPa)(0.0 1690 m 3 ) - (500 kPa)(0.05364 m 3 ) 

1 - 1.2 


= -34.86 kJ 


For the constant pressure compression process: 

W b f3 _, =P 3 (V X -^ 3 ) = (2000kPa)(0.01341-0.01690)m 3 = -6.97kJ 

The net work for the cycle is the sum of the works for each process 

= ^,1-2 + ^,2-3 + ^,3-i = 37. 18 + (-34.86) + (-6.97) = -4.65 kJ 
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4-25 A saturated water mixture contained in a spring-loaded piston-cylinder device is heated until the pressure and 
temperature rises to specified values. The work done during this process is to be determined. 

Assumptions The process is quasi-equilibrium. 

Analysis The initial state is saturated mixture at 90°C. The pressure 
and the specific volume at this state are (Table A-4), ^ 

P\ = 70.183 kPa 800 kPa 

iq = l > f +XV fg 

= 0.001036 + (0.10)(2.3593 -0.001036) 

= 0.23686 m 3 /kg 

The final specific volume at 800 kPa and 250°C is (Table A-6) 
i/ 2 =0.29321 m 3 /kg 



Since this is a linear process, the work done is equal to the area under the process line 1-2: 


W b , out = Area = 


P +/f 


m(v 2 -cq) 


(70.183 + 800)kPa 


= 24.52 kJ 


(1 kg)(0.2932 1 - 0.23686)m 


1 kPa • m 


4-26 A saturated water mixture contained in a spring-loaded piston-cylinder device is cooled until it is saturated liquid at a 
specified temperature. The work done during this process is to be determined. 

Assumptions The process is quasi-equilibrium. 

Analysis The initial state is saturated mixture at 1 MPa. The specific 
volume at this state is (Table A-5), ^ 

v x =v f +xv fg 

= 0.001 127 + (0.30)(0.19436 -0.001 127) 1 MPa 

= 0.059097 m 3 /kg 

The final state is saturated liquid at 100°C (Table A-4) 

P 2 = 101.42 kPa 
c/ 2 =v f = 0.001043 m 3 /kg 



Since this is a linear process, the work done is equal to the area under the process line 1-2: 


^,out = Area = +I>2 


Area = — — — — m(v 2 - V \ ) 
(1000 + 101.42)kPa C1 


(1.5 kg)(0.001043 - 0.059097)m 


lkPa • m 


= -48.0 kJ 


The negative sign shows that the work is done on the system in the amount of 48.0 kJ. 
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4-27 An ideal gas undergoes two processes in a piston-cylinder device. The process is to be sketched on a P- (/diagram; an 
expression for the ratio of the compression to expansion work is to be obtained and this ratio is to be calculated for given 
values of n and r. 


Assumptions The process is quasi-equilibrium. 

Analysis (a) The processes on a P- (/diagram is as follows: 

(b) The ratio of the compression-to-expansion work is called the 
back-work ratio BWR. 


P 


Process 1-2: W bl _ 2 = 


2 P = const 


> 3 


P if = const 


_i . __ constant , , . . t . 

The process is Pv = constant, , P , and the integration results in 


V 


w 


(/ 


P 2 V 2 -W mR(T 2 -T { ) 


b, 1-2 


1-/2 1-/2 
where the ideal gas law has been used. However, the compression work is 

mR(T 2 -T x ) 


^comp “ ^b,l-2 


11 - 1 


Process 2-3: 


*V- 3 =j \PdV 


The process is P = constant and the integration gives 
^, 2-3 = P(V 3 ~ V 2 ) 

where P = P 2 = P 3 . Using the ideal gas law, the expansion work is 
^cxp = ^b,2-3 = mR(T 3 - T 2 ) 

The back-work ratio is defined as 

mR(T 2 -T x ) 


BWR = 


W, 


comp 


22 — 1 


1 (T 2 -T x ) 1 T 2 (i-T x /T 2 ) 1 (i-7\/r 2 ) 


w , 


exp 


mR(T, -T 2 ) n - 1 (T 3 -T 2 ) n - 1 T 2 (T 3 / T 2 -1) n - 1 (T 3 / T 2 -1) 


Since process 1-2 is polytropic, the temperature-volume relation for the ideal gas is 


T 

r. 


r . , \ 


{/ 


n — 1 


\V\ j 


f i \ n ~ l 




- r 


1-/7 


where r is the compression ratio l/i / t/ 2 - Since process 2-3 is constant pressure, the combined ideal gas law gives 

A (A P V , , ri ri , T, (A V, 

= -^-A- and P 3 = P 2 , then -*- = -L = -L = r 


r. 


Tn 


T- 


v 2 v 2 


The back-work ratio becomes 


BWR = 


1 (l-r'-'\) 


n — 1 (r - 1) 

(c) For /2 = 1.4 and r = 6, the value of the BWR is 


BWR = 


1 ( 1 - 6 1-1 ' 4 ) 
1.4-1 (6-1) 


0.256 
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4-28E The table is to be completed using conservation of energy principle for a closed system. 
Analysis The energy balance for a closed system can be expressed as 


^in ^out — system 

^ v ' S ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Cin ~Kut = E 2 -E 1 =m(e 2 -e x ) 


Application of this equation gives the following completed table: 


fin 

fVout 


e 2 

m 

e 2 -e\ 

(Btu) 

(Btu) 

(Btu) 

(Btu) 

(lbm) 

(Btu/lbm) 

350 

510 

1020 

860 

3 

-53.3 

350 

130 

550 

770 

5 

44.0 

560 

260 

600 

900 

2 

150 

-500 

0 

1400 

900 

7 

-71.4 

-650 

-50 

1000 

400 

3 

-200 


4-29E A piston-cylinder device involves expansion work and work input by a stirring device. The net change of internal 
energy is to be determined. 

Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved 3 The thermal energy stored in the cylinder itself is negligible. 

Analysis This is a closed system since no mass enters or leaves. The energy balance for this stationary closed system can 
be expressed as 

-^in — -^out — system 

^ V f v V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

W in - W out = A U (since KE = PE = 0) 

where 

W m = 10.28 Btu 
and 

W out = 15,000 lbf • ft = (15,000 lbf • ft) — = 19.28 Btu 

out 778.17 lbf- ft 



Substituting, 

A U = W in -W out =10.28 -19.28 = -9.00 Btu 
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4-30E The heat transfer during a process that a closed system undergoes without any internal energy change is to be 
determined. 

Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 The compression or 
expansion process is quasi-equilibrium. 

Analysis The energy balance for this stationary closed system can be expressed as 


-^in ^out — system 

V v ' ^ V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Q m - W ou{ = A£/ = 0 (since KE = PE = 0) 

Qm = ^out 


Then, 


Q m = 1. lx 10 6 lbf -ft 


1 Btu 


778.17 lbf -ft 


= 1414 Btu 


4-31 Motor oil is contained in a rigid container that is equipped with a stirring device. The rate of specific energy increase 
is to be determined. 

Analysis This is a closed system since no mass enters or leaves. The energy balance for closed system can be expressed as 

fin ~ ^out — system 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Qm + ^sh,in = AE 


Then, 

= a„+^sh,in =1 + 1.5 = 2.5 = 2.5 W 


Dividing this by the mass in the system gives 


Ac = 


AE 


m 


2.5 J/s . „ ... 

= 1 .67 J/kg s 

1.5 kg 
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4-32 An insulated rigid tank is initially filled with a saturated liquid-vapor mixture of water. An electric heater in the tank is 
turned on, and the entire liquid in the tank is vaporized. The length of time the heater was kept on is to be determined, and 
the process is to be shown on a P-v diagram. 

Assumptions 1 The tank is stationary and thus the kinetic and potential energy changes are zero. 2 The device is well- 
insulated and thus heat transfer is negligible. 3 The energy stored in the resistance wires, and the heat transferred to the tank 
itself is negligible. 

Analysis We take the contents of the tank as the system. This is a closed system since no mass enters or leaves. Noting that 
the volume of the system is constant and thus there is no boundary work, the energy balance for this stationary closed 
system can be expressed as 


-^in ^out ^^^system 

v V / ^ V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

W ein = A U = m(u 2 -u x ) (since Q = KE = PE = 0) 
VI At = m(u 2 ~u x ) 


The properties of water are (Tables A-4 through A-6) 

P x =150kPali/ / =0.001053, i/ g =1.1594 m 3 /kg 
X! = 0.25 J u f = 466.97, u fg = 2052.3 kJ/kg 


i/j =v f +x x v fg = 0.001053 + [0.25 x (l . 1 594 - 0.001053)] = 0.29065 m 3 /kg 
u | = u f +x x Uj- g = 466.97 + (0. 25 x 2052.3)= 980.03 kJ/kg 


v 2 ~ v \ = 0.29065 m 3 /kg 
sat.vapor 


W g@0.29065 m 3 /kg 


= 2569.7 kJ/kg 




Substituting, 


(110 V)(8 A) At = (2 kg)(2569.7 


( 


980.03)kJ/kg 


v 


1000 VA 
1 kJ/s 


\ 


j 


At - 33613 s = 60.2 min 
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4-33 Problem 4-32 is reconsidered. The effect of the initial mass of water on the length of time required to 
completely vaporize the liquid as the initial mass varies from 1 kg to 1 0 kg is to be investigated. The vaporization time is to 
be plotted against the initial mass. 

Analysis The problem is solved using EES, and the solution is given below. 


PROCEDURE P2X2(v[1]:P[2],x[2]) 

Fluid$='Steam_IAPWS' 

If v[1]> V_CRIT(Fluid$) then 
P[2]=pressure(Fluid$,v=v[1 ],x=1 ) 
x [ 2]=1 
else 

P[2]=pressure(Fluid$,v=v[1],x=0) 

x[2]=0 

Endlf 

End 

"Knowns" 

{m=2 [kg]} 

P[1]=150 [kPa] 
y=0.75 "moisture" 

Volts=1 10 [V] 

1=8 [amp] 

"Solution" 

"Conservation of Energy for the closed tank:" 
E_dot_in-E_dot_out=DELTAE_dot 
E_dot_in=W_dot_ele ”[kW]" 

W_dot_ele=VoltsTCONVERT(J/s,kW) M [kW]" 

E_dot_out=0 "[kW]" 

DELTAE_dot=m*(u[2]-u[1 ])/DELTAt_s "[kW]" 
DELTAt_min=DELTAt_s*convert(s,min) "[min]" 

"The quality at state 1 is:" 

Fluid$='Steam_IAPWS' 

x[1]=1-y 

u[1]=INTENERGY(Fluid$,P=P[1], x=x[1]) ”[kJ/kg]" 
v[1]=volume(Fluid$,P=P[1], x=x[1]) "[m A 3/kg]" 
T[1]=temperature(Fluid$,P=P[1], x=x[1]) "[C]" 

"Check to see if state 2 is on the saturated liquid line or saturated vapor line:" 
Call P2X2(v[1]:P[2],x[2]) 

u[2]=INTENERGY(Fluid$,P=P[2], x=x[2]) ”[kJ/kg]" 
v[2]=volume(Fluid$,P=P[2], x=x[2]) "[m A 3/kg]" 
T[2]=temperature(Fluid$,P=P[2], x=x[2]) "[C]" 
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Atmin 

[min] 

m 

[kg] 

30.11 

1 

60.21 

2 

90.32 

3 

120.4 

4 

150.5 

5 

180.6 

6 

210.7 

7 

240.9 

8 

271 

9 

301.1 

10 
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4-34 Saturated water vapor is isothermally condensed to a saturated liquid in a piston-cylinder device. The heat transfer and 
the work done are to be determined. 

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved other than the boundary work. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 

E'm ~ ^out — system 

' V ' V V ' 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

W b in - 0 out = AU = m(u 2 -Mi) (since KE = PE = 0) 

£?out =W bM -m(u 2 -u l ) 

The properties at the initial and final states are (Table A-4) 

T x =200°Cl t/j =v g = 0.12721m 3 /kg T 

x x = 1 J u x = u g = 2594.2 kJ/kg 
p x =p 2 = 1 554.9 kPa 

T 2 = 200°C 1 v 2 = v f = 0.001157 m 3 /kg 
x 2 = 0 u 2 =Uj- =850.46 kJ/kg 

The work done during this process is 

2 1 IT 

w b out = f PdV = P(v 2 -«/j) = (1554.9 kPa)(0.001157-0.12721)m 3 /kg =-196.0kJ/kg 

^1 kPa • m 3 J 

That is, 

w b,m =196.0 kJ/kg 

Substituting the energy balance equation, we get 

<7 out = w bM ~( u 2 -«i) = w b,in +u fg =196.0 + 1743.7 = 1940 kJ/kg 
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4-35 Water contained in a rigid vessel is heated. The heat transfer is to be determined. 

Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved 3 The thermal energy stored in the vessel itself is negligible. 

Analysis We take water as the system. This is a closed system since no mass enters or 
leaves. The energy balance for this stationary closed system can be expressed as 

-^in ~ ^ omX ~ system 

v ' v v ' n 

Net energy transfer Change in internal, kinetic, ^ ^ 

by heat, work, and mass potential, etc. energies 

Q m = AU = m(u 2 ~u { ) (since KE = PE = 0) 

The properties at the initial and final states are (Table A-4) 



?i = 

- ioo°c ! 

t/i = v f 

+ xv fg = 

0.001043 + 

Xi = 

= 0.123 J 

r 

U j = U f 

+ XU 

fg 

419.06 + (0. 






^2 -Vf 

t 2 - 

= 150°C 



x 2 

> 

II 

t/ 2 

= c/ ] = 0. 

2066 m 3 

/kg 

u 2 

= u f +x 2 w 


0.2066-0.001091 

0.39248-0.001091 


= 0.5250 


= 63 1 .66 + (0.5250)(1 927.4) = 1643.5 kJ/kg 


The mass in the system is 


l/, 0.100 m 3 

m = — = 

V\ 0.2066 m 3 /kg 


0.04841kg 


kg 



Substituting, 

Q m = m (u 2 -u x ) = (0.04841 kg)(1643.5 - 675.76) kJ/kg = 46.9 kJ 
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4-36 Saturated vapor water is cooled at constant temperature (and pressure) to a saturated liquid. The heat rejected is to be 
determined. 

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved other than the boundary work. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 

^in — ^out — system 

v 2 v ' 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

-£?out ~ W b, out = At/ = m(u 2 -W|) (since KE = PE = 0) 

-Qout = w b , ouf + m(u 2 ~ u i) 

-£?out ='«( /7 2 ~ h \ ) 

Qom =m{h x -h 2 ) T 

9 out =>h -h 2 

since A U + W h = AN during a constant pressure quasi-equilibrium process. 

Since water changes from saturated liquid to saturated vapor, we have 

#out = hg —h/= hj-gQ 300 kPa ~ 2163.5 kJ/kg (Table A-5) 

Note that the temperature also remains constant during the process and it 
is the saturation temperature at 300 kPa, which is 133.5°C. 
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4-37 Saturated vapor water is cooled at constant pressure to a saturated liquid. The heat transferred and the work done are 
to be determined. 


Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved other than the boundary work. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 

^in — ^out — system 

V V J ^ v ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

- 9out - w by0at = ^u=u 2 -u l (since KE = PE = 0) 

-0out = w b,o»t +(«2 -«i) 

-0out = h 2 ~ h \ 

9out =h l -h 2 



since Au + w b = Ah during a constant pressure quasi-equilibrium 
process. Since water changes from saturated liquid to saturated vapor, 
we have 

<7 out = hg ~hf- hf g @ 40kPa = 2318.4 kJ/kg (Table A-5) 

The specific volumes at the initial and final states are 

v i = ‘'g^okPa = 3.993m 3 /kg 
=t/ /@40kPa = 0.001026m 3 /kg 
Then the work done is determined from 

w bout = ^PdV = P(v 2 -</ l ) = (40 kPa)(0.001026-3.9933)m 3 



lkJ 


kPa-m 3 


= 159.7 kJ/kg 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



4-28 


4-38 A cylinder is initially filled with saturated liquid water at a specified pressure. The water is heated electrically as it is 
stirred by a paddle-wheel at constant pressure. The voltage of the current source is to be determined, and the process is to 
be shown on a P-v diagram. 

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 The cylinder is well- 
insulated and thus heat transfer is negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 


-^in ^out — system 

V V ' V V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

K , in + ^ P w, in - ^b. out = A U (since Q = KE = PE = 0) 

^e.in +^pw,in = m ( h 2 ~ h \ ) 

( Vmt) + W pwM =m(h 2 -h l ) 


since A U+ W b = AH during a constant pressure quasi-equilibrium 
process. The properties of water are (Tables A-4 through A-6) 


P x = 175 kPa 
sat.liquid 
P 2 = 175 kPa 
x 2 = 0.5 


K ~ hf@ 175 kPa _ 487.01 kJ/kg 

.3 


(/,=(/ 


/ @175 kPa - 0.001057 m /kg 

\h 2 =h f +x 2 h fg = 487.01 + (0.5x2213.1) = 1593.6 kJ/kg 




0.005 m' 


m = 


0.001057 m7kg 


= 4.731 kg 


Substituting, 


YIAt + (400kJ) = (4.731 kg)(1593.6-487.01)kJ/kg 
YIAt = 4835 kJ 


V 


4835 kJ 
(8 A)(45x60 s) 


" lOOO va " 

1 kJ/s 


= 223.9 V 
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4-39 A cylinder equipped with an external spring is initially filled with steam at a specified state. Heat is transferred 

to the steam, and both the temperature and pressure rise. The final temperature, the boundary work done by the steam, and 
the amount of heat transfer are to be determined, and the process is to be shown on a P- v diagram. 

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 The thermal energy 
stored in the cylinder itself is negligible. 3 The compression or expansion process is quasi-equilibrium. 4 The spring is a 
linear spring. 

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. Noting 
that the spring is not part of the system (it is external), the energy balance for this stationary closed system can be expressed 
as 


E m~ E ouX 


A E 


system 


Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Q in - out = A(7 = m(u 2 - u | ) (since KE = PE = 0) 
Qm =m(u 2 -U\) + W b,ou\ 

The properties of steam are (Tables A-4 through A-6) 


P x = 200 kPa 
T { = 200°C 


i/[ = 1.08049 m 3 /kg 
u | = 2654.6 kJ/kg 


V, 


0.4 m 


m = 


1.08049 m 3 /kg 


= 0.3702 kg 




0.6 m 


l/o = 


m 0.3702 kg 


P 2 = 250 kPa 
i/ 2 =1.6207 m 3 /kg 


= 1.6207 m 3 /kg 


77 =606°C 


u 2 =3312.0 kJ/kg 



0 



( b ) The pressure of the gas changes linearly with volume, and thus the process curve on a P-V diagram will be a straight 
line. The boundary work during this process is simply the area under the process curve, which is a trapezoidal. Thus, 


W b = Area = Pl - +P ^ . (t / 2 - V x ) = (2Q ° + _ 25Q)kPa ( 0 . 6 _ Q.4 ) m 3 


lkJ 


1 kPa • m 


45 kJ 


(c) From the energy balance we have 

g in = (0.3702 kg)(33 12.0 - 2654.6)kJ/kg + 45 kJ = 288 kJ 
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4-40 Problem 4-39 is reconsidered. The effect of the initial temperature of steam on the final temperature, the work 

done, and the total heat transfer as the initial temperature varies from 150°C to 250°C is to be investigated. The final results 
are to be plotted against the initial temperature. 

Analysis The problem is solved using EES, and the solution is given below. 


"The process is given by:" 

"P[2]=P[1]+k*x*A/A, and as the spring moves Y amount, the volume changes by V[2]-V[1]." 
P[2]=P[1]+(Spring_const)*(V[2] - V[1]) "P[2] is a linear function of V[2]" 

"where Spring_const = k/A, the actual spring constant divided by the piston face area" 

"Conservation of mass for the closed system is:" 
m[2]=m[1] 

"The conservation of energy for the closed system is" 

"EJn - E_out = DeltaE, neglect DeltaKE and DeltaPE for the system" 

QJn - W out = m[1]*(u[2]-u[1]) 

DELTAU=m[1]*(u[2]-u[1]) 

"Input Data" 

P[1]=200 [kPa] 

V[1]=0.4 [m A 3] 

T[1]=200 [C] 

P[2]=250 [kPa] 

V[2]=0.6 [m A 3] 

Fluid$='Steam_IAPWS' 

m[1]=V[1]/spvol[1] 

spvol[1 ]=volume(Fluid$,T=T[1 ], P=P[1 ]) 
u[1 ]=intenergy(Fluid$, T=T[1], P=P[1]) 
spvol[2]=V[2]/m[2] 

"The final temperature is:" 

T[2]=temperature(Fluid$,P=P[2],v=spvol[2]) 

u[2]=intenergy(Fluid$, P=P[2], T=T[2]) 

Wnet_other = 0 
W_out=Wnet_other + W_b 

"W_b = integral of P[2]*dV[2] for 0.5<V[2]<0.6 and is given by:" 

W_b=P[1 ]*(V[2]-V[1 ])+Spring_const/2*(V[2]-V[1 ]) A 2 
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Ti 

[Cl 

Qin 

[kJl 

t 2 

[Cl 

W out 

[kJ] 

150 

281.5 

508.2 

45 

160 

282.8 

527.9 

45 

170 

284.2 

547.5 

45 

180 

285.5 

567 

45 

190 

286.9 

586.4 

45 

200 

288.3 

605.8 

45 

210 

289.8 

625 

45 

220 

291.2 

644.3 

45 

230 

292.7 

663.4 

45 

240 

294.2 

682.6 

45 

250 

295.7 

701.7 

45 



HI] [C] 



T[1] [C] 
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4-41 A room is heated by an electrical radiator containing heating oil. Heat is lost from the room. The time period during 
which the heater is on is to be determined. 


Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of - 
141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0.3 Constant specific heats 

at room temperature can be used for air. This assumption results in negligible error in heating and air-conditioning 
applications. 4 The local atmospheric pressure is 100 kPa. 5 The room is air-tight so that no air leaks in and out during the 
process. 

Properties The gas constant of air is R = 0.287 kPa.mVkg.K (Table A-l). Also, c v = 0.718 kJ/kg.K for air at room 
temperature (Table A-2). Oil properties are given to be p = 950 kg/m and c p = 2.2 kJ/kg.°C. 

Analysis We take the air in the room and the oil in the radiator to be the system. 

This is a closed system since no mass crosses the system boundary. The energy 

balance for this stationary constant- volume closed system can be expressed as ^ 

fin ~ -^out — '^fistem 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Wn-0outW = A[/ air + A<7 oiI 

= \rnc v (T 2 - 7])] air + [mc p (T 2 - 7])] oil (since KE = PE = 0) 



The mass of air and oil are 


P(/ air _ (100 kPa)(50 m 3 ) 

RTi (0.287kPa •m 3 /kg-K)(10 + 273 K) 


62.32 kg 


m oi i =P 0 ,V 0ll = (950 kg/m 3 )(0.030 m 3 ) = 28.50 kg 


Substituting, 

(1 .8 - 0.35 kJ/s)A^ = (62.32 kg)(0.7 1 8 kJ/kg • °C)(20 - 1 0)°C + (28.50 kg)(2.2 kJ/kg • °C)(50 - 1 0)°C 

> At = 2038 s = 34,0 min 

Discussion In practice, the pressure in the room will remain constant during this process rather than the volume, and some 
air will leak out as the air expands. As a result, the air in the room will undergo a constant pressure expansion process. 
Therefore, it is more proper to be conservative and to using AH instead of use AU in heating and air-conditioning 
applications. 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 




4-33 


4-42 A saturated water mixture contained in a spring-loaded piston-cylinder device is heated until the pressure and volume 
rise to specified values. The heat transfer and the work done are to be determined. 


Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved other than the boundary work. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 


Analysis We take the contents of the cylinder as the system. This is a closed 
system since no mass enters or leaves. The energy balance for this stationary 
closed system can be expressed as 

fin ~ ^out — system 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Qrn - W bj 0VJ = a U = m{u 2 - Ml ) (since KE = PE = 0) 

Qm = W hmt + miu 2 - Hl ) 



The initial state is saturated mixture at 75 kPa. The specific volume and 
internal energy at this state are (Table A-5), 

= v f +xv fg - 0.001037 + (0.08)(2. 2172-0. 001037) = 0.1783 m 3 /kg 
u | = u f + xu fg =384.36 + (0.08)(21 11.8) = 553.30 kJ/kg 

The mass of water is 


U 2 m 3 

m = — = 

V\ 0.1783 m 3 /kg 


11.22 kg 


The final specific volume is 


</ 2 


m 


5 m 3 
11.22 kg 


0.4458 m 3 /kg 


The final state is now fixed. The internal energy at this specific volume and 225 kPa pressure is (Table A-6) 
u 2 =1650.4 kJ/kg 

Since this is a linear process, the work done is equal to the area under the process line 1-2: 


W bt out = Ar e a = 


P + P, 


( 1 /,-^) = 


(75 + 225)kPa 


(5-2)m 


lkJ 


1 kPa • m 3 


450 kJ 


2 2 

Substituting into energy balance equation gives 

Qm = W bmx + miu 2 -Mj) = 450 kJ + (1 1.22 kg)(1650.4 -553.30) kJ/kg = 12,750 kJ 
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4-43 R-134a contained in a spring-loaded piston-cylinder device is cooled until the temperature and volume drop to 
specified values. The heat transfer and the work done are to be determined. 

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved other than the boundary work. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 


fin ^out system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


WbM - Qout = A U = m{u 2 -u x ) (since KE = PE = 0) 
0out = W bjn — mill 2 — W|) 


The initial state properties are (Table A- 13) 


P x = 600 kPa 
T x = 15°C 


v x = 0.055522 m 3 / kg 
u x = 357.96 kJ/kg 


The mass of refrigerant is 


l/, 0.3 m 3 

m = — = 

v x 0.055522 m 3 /kg 


5.4033 kg 



The final specific volume is 


l/. 


i / 2 = 


°' lm = 0.018507 m 3 /kg 


m 5.4033 kg 


The final state at this specific volume and at -30°C is a saturated mixture. The properties at this state are (Table A-l 1) 
^2 ~Vf 0.018507-0.0007203 


i-) = 


1 / ~ V r 

g ./ 


0.22580-0.0007203 


= 0.079024 


u 2 =u f +x 2 u fg = 12.59 + (0.079024)(200.52) = 28.44 kJ/kg 


P 2 = 84.43 kPa 


Since this is a linear process, the work done is equal to the area under the process line 1-2: 


w h, m = Ar e a = 


R + 1\ 


~V 2 ) = 


(600 + 84.43)kPa 


(0.3 - 0.1)m 


lkJ 


1 kPa • m 


= 68.44 kJ 


2 2 
Substituting into energy balance equation gives 

<2ou, = w b,rn -miu 2 -Mj) = 68.44 kJ -(5.4033 kg)(28.44- 357.96) kJ/kg = 1849 kJ 
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4-44E Saturated R-134a vapor is condensed at constant pressure to a saturated liquid in a piston-cylinder device. The heat 
transfer and the work done are to be determined. 


Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved other than the boundary work. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 


fin ^out system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


W b [n - Q out = A U = m(u 2 - u x ) (since KE = PE = 0) 
(?out =W bM -m{u 2 -u x ) 


The properties at the initial and final states are (Table A-l IE) 


T x = 100°F 
x x = 1 

t 2 = 100°F 
x 2 =0 


t/j = v g = 0.34045 ft' 3 /lbm 
u x =u g =107.45 Btu/lbm 

i/ 2 =t/ / = 0.01386 ft 3 / lbm 
u 2 = u j = 44.768 Btu/lbm 


Also from Table A-l IE, 

P x = P 2 = 138.93 psia 
u fg = 62.683 Btu/lbm 
h fg =71.080 Btu/lbm 


R-134a 

100°F 


Q 



The work done during this process is 


w b, out 


= \ 2 Pdv = P( v 2 -c/j) = (138.93psia)(0.0B86-0.34045)ft 3 /lbm 


1 Btu 

5.404psia-ff 


-8.396 Btu/lbm 


That is, 

w b in = 8.396 Btu/lbm 


Substituting into energy balance equation gives 

#out = w b,m ~( u 2 ~ u \) = w b,m + u fg =8.396 + 62.683 = 71.080 Btu/lbm 

Discussion The heat transfer may also be determined from 
-tfout = h 2 ~ h \ 

q out = hj g = 71.080 Btu/lbm 

since A U+ W b = AH during a constant pressure quasi-equilibrium process. 
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4-45 Saturated R-134a liquid is contained in an insulated piston-cylinder device. Electrical work is supplied to R-134a. The 
time required for the refrigerant to turn into saturated vapor and the final temperature are to be determined. 

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved other than the boundary work. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 

fin ~ ^out — system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

K,,n - ^,out = A U = m(u 2 - u, ) (since KE = PE = 0) 

K,m =W b ,out +m(l<2 - Ml) 

W eM =H 2 -H 1 = m(h 2 - h ) = mh fg 
W e - m At = mh fg 

since A U+ Wb = A H during a constant pressure quasi-equilibrium process. The 
electrical power and the enthalpy of vaporization of R- 134a are 

W eM =V/ = (10V)(2A) = 20W 
h f g @-s°c = 20234 kJ/kg (Table A - 1 1) 

Substituting, 

(0.020 kJ/s)At = (2 kg)(202.34kJ/kg) >At = 8093 s = 2.25 h 

The temperature remains constant during this phase change process: 

T 2 =T x = -5°C 
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4-46 Two tanks initially separated by a partition contain steam at different states. Now the partition is removed and they are 
allowed to mix until equilibrium is established. The temperature and quality of the steam at the final state and the amount of 
heat lost from the tanks are to be determined. 


Assumptions 1 The tank is stationary and thus the kinetic and potential energy 
changes are zero. 2 There are no work interactions. 

Analysis {a) We take the contents of both tanks as the system. This is a closed 
system since no mass enters or leaves. Noting that the volume of the system is 
constant and thus there is no boundary work, the energy balance for this 
stationary closed system can be expressed as 

^in — ^out — system 

^ v J K V ' 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 



- Q out = AU A + A U B = m(u 2 - u x ) A + m(u 2 - u x ) B (since W = KE = PE = 0) 


The properties of steam in both tanks at the initial state are (Tables A-4 through A-6) 


P XA =1000 kPa 
T xa = 300°C 


i/ M = 0.25799 m 3 /kg 
u X A =2793.7 kJ/kg 


T xb = 150°C 


X! =0.50 


(/ j- = 0.001091, t/ ? = 0.39248 nE/kg 
u f =631.66, u fg =1927.4 kJ/kg 

v X B =v f +x x v fg = 0.001091 + [0.50x (0.39248 -0.001091)] = 0.19679 m 3 /kg 
u X B =u f +x x u f g = 63 1.66 + (0. 50x1 927. 4)= 1595.4 kJ/kg 

The total volume and total mass of the system are 

c/ = V A + (/ B = m A v UA + m B v hB = (2 kg)(0.25799 m 3 /kg) + (3 kg)(0.19679 m 3 /kg) = 1.106 m 3 
m = m A + m B = 3 + 2 = 5 kg 

Now, the specific volume at the final state may be determined 


i / 2 = — = 


1/ 1.106 nr 3 

= 0.22127 m /kg 

m 5 kg 


which fixes the final state and we can determine other properties 

133.5°C 


^2 ^sat (a), 300 kPa 


P 2 = 300 kPa 
v 2 =0.22127 m 3 /kg 


>x 2 = 
u 2 


V 2 -Vf 0.22127-0.001073 


0.3641 


</ — (/ / 


0.60582-0.001073 
= Uf +X 2 u fg = 561.1 1 + (0.3641 x 1982,l) = 1282.8 kJ/kg 


(b) Substituting, 

- Qoux =AU a +AU b = [ m{u 2 - u , )] 4 + [m(u 2 - u x )] 5 

= (2 kg)(1282.8 - 2793.7)kJ/kg + (3 kg)(1282.8 - 1595.4)kJ/kg = -3959 kJ 

or 

0 out = 3959 kJ 
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Specific Heats, A u and Ah of Ideal Gases 

4-47C It can be either. The difference in temperature in both the K and °C scales is the same. 


4-48C It can be used for any kind of process of an ideal gas. 


4-49C It can be used for any kind of process of an ideal gas. 


4-50C Very close, but no. Because the heat transfer during this process is Q = mc p AT, and c p varies with temperature. 


4-51C The energy required is mc p AT, which will be the same in both cases. This is because the c p of an ideal gas does not 
vary with pressure. 


4-52C The energy required is mc p AT, which will be the same in both cases. This is because the c p of an ideal gas does not 
vary with volume. 


4-53C Modeling both gases as ideal gases with constant specific heats, we have 

A u = c„AT 
Ah = c p AT 

Since both gases undergo the same temperature change, the gas with the greatest c v will experience the largest change in 
internal energy. Similarly, the gas with the largest c p will have the greatest enthalpy change. Inspection of Table A-2 a 
indicates that air will experience the greatest change in both cases. 


4-54 The desired result is obtained by multiplying the first relation by the molar mass M, 
Me p = Mc v +MR 

or c p =c u +R u 
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4-55 The enthalpy change of oxygen is to be determined for two cases of specified temperature changes. 

Assumptions At specified conditions, oxygen behaves as an ideal gas. 

Properties The constant-pressure specific heat of oxygen at room temperature is c p = 0.918 kJ/kg-K (Table A-2a). 
Analysis Using the specific heat at constant pressure, 

Ah = Cp AT = (0.918 kJ/kg • K)(200 -150)K = 45.9 kJ/kg 

If we use the same room temperature specific heat value, the enthalpy change will be the same for the second case. 
However, if we consider the variation of specific heat with temperature and use the specific heat values from Table A-2b, 
we have = 0.956 kJ/kg-K at 175°C (= 450 K) and = 0.918 kJ/kg-K at 25°C (= 300 K). Then, 

A h x = c p AT x = (0.956 kJ/kg -K)(200-150)K = 47.8 kJ/kg 
A h 2 =c p AT l = (0.918 kJ/kg -K)(50-0)K = 45.9 kJ/kg 

The two results differ from each other by about 4%. The pressure has no influence on the enthalpy of an ideal gas. 


4-56E Air is compressed isothermally in a compressor. The change in the specific volume of air is to be determined. 
Assumptions At specified conditions, air behaves as an ideal gas. 

Properties The gas constant of air is R = 0.3704 psia-ft 3 /lbmR (Table A-1E). 

Analysis At the compressor inlet, the specific volume is 

_ RT _ (0.3704 psia -ft 3 /lbm-R)(70 + 460 R) 

1 P x 20 psia 

Similarly, at the compressor exit, 

_ RT _ (0.3704 psia •ft 3 /lbm*R)(70 + 460 R) 

P 2 150 psia 

The change in the specific volume caused by the compressor is 
Av = v 2 -v x =1.309-9.816 = -8.51 ft 3 /lbm 



4-57 The total internal energy changes for neon and argon are to be determined for a given temperature change. 
Assumptions At specified conditions, neon and argon behave as an ideal gas. 

Properties The constant-volume specific heats of neon and argon are 0.6179 kJ/kg-K and 0.3122 kJ/kg-K, respectively 
(Table A-2 a). 

Analysis The total internal energy changes are 

AUneon = mc v AT = (2 kg)(0.6 1 79 kJ/kg • K)( 1 80 - 20)K = 1 97.7 kJ 
A C/argon = mc v AT = (2 kg)(0.3122 kJ/kg • K)(180 - 20)K = 99.9 kJ 
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4-58 The enthalpy changes for neon and argon are to be determined for a given temperature change. 

Assumptions At specified conditions, neon and argon behave as an ideal gas. 

Properties The constant-pressure specific heats of argon and neon are 0.5203 kJ/kg-K and 1.0299 kJ/kg-K, respectively 
(Table A-2 a). 

Analysis The enthalpy changes are 

Ah argon = c p AT = (0.5203 kJ/kg • K)(25 - 100)K = -39.0 kJ/kg 
A/z neon = c P AT = (1.0299 kJ/kg • K)(25 - 100)K = -77.2 kJ/kg 


4-59E The enthalpy change of oxygen gas during a heating process is to be determined using an empirical specific heat 
relation, constant specific heat at average temperature, and constant specific heat at room temperature. 

Analysis ( a ) Using the empirical relation for c p (T) from Table A-2Ec, 


c p = a + bT + cT 2 + dT 3 


where a = 6.085, b = 0.2017xl0' 2 , c = -0.05275xl0' 5 , and d = 0.05372xl0' 9 . Then, 


Ah = J 1 c p ( T)dT = £ [a +bT + cT 2 + dT 3 ]lT 

= a(T 2 -T0 + \b{T 2 +T 2 ) + 1 c{Tl - T 2 ) + ±d(T* - T* ) 

= 6.085(1500 - 800) + 1(0.2017 x 10^ 2 )(1500 2 - 800 2 ) 

-y (0.05275 x 10 5 )(1500 3 - 800 3 ) + j (0.053 72 x 1 0 9 )(1 500 4 -800 4 ) 
= 5442.3 Btu/lbmol 


Ah = 


Ah 

~M 


5442.3 Btu/lbmol 
31.999 lbm/lbmol 


= 170 Btu/lbm 


(b) Using the constant c p value from Table A-2Eb at the average temperature of 1 150 R, 

Cp, avg = c p@ 1150 r = 0-242 Btu/lbm • R 
Ah = c p , mg (T 2 -T l ) = (0.242 Btu/lbm- R)( 1500 -800) R = 169 Btu/lbm 

(c) Using the constant c p value from Table A-2Ea at room temperature, 

Cp, avg = c p@ 537 r = 0-219 Btu/lbm • R 

Ah = c p . d vg(T 2 - 7, ) = (0.219 Btu/lbm • R)(1500 - 800)R = 153 Btu/lbm 
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4-60 The internal energy change of hydrogen gas during a heating process is to be determined using an empirical specific 
heat relation, constant specific heat at average temperature, and constant specific heat at room temperature. 

Analysis {a) Using the empirical relation for c p ( T ) from Table A-2c and relating it to c v (T ) , 


c v (T) = c p -R u = (a- R u )+bT + cT 2 + dT 2 


where a = 29.11, b = -0.1916xl0' 2 , c = 0.4003x1 O' 5 , and d = -0.8704x1 O' 9 . Then, 


A u = J 2 c v (T)dT = | 2 [(a -R u )+bT + cT 2 + dT 2 \lT 

= {a- R tl \T 2 -T t ) + \b{T 2 +T 2 ) + \c(T 2 - T 2 ) + 1 d{T* - T] 4 ) 

= (29.1 1 - 8.3 14)(800 - 200) - }(0. 1961 x 10~ 2 )(800 2 - 200 2 ) 

+ }(0.4003 x 10^ 5 )(800 3 - 200 3 ) - }(0.8704 x 10~ 9 )(800 4 - 200 4 ) 
= 12,487 kJ/kmol 


A u 


A u 
M 


12,487 kJ/kmol 
2.016 kg/kmol 


= 6194 kj/kg 


(b) Using a constant c p value from Table A-2b at the average temperature of 500 K, 

c i/,avg = c w @ 500 k = 1 0.389 kJ/kg • K 
A u = c vm (T 2 - 7]) = (10.389 kJ/kg • K)(800 - 200)K = 6233 kj/kg 


(c) Using a constant c p value from Table A-2a at room temperature, 

c i/,avg “ c </@300 K =10.183 kJ/kg • K 

A u = c v avg (T 2 -T x ) = (10.183 kJ/kg • K)(800 - 200)K = 6110 kj/kg 
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4-61E A spring-loaded piston-cylinder device is filled with air. The air is now cooled until its volume decreases by 50%. 
The changes in the internal energy and enthalpy of the air are to be determined. 


Assumptions At specified conditions, air behaves as an ideal gas. 

Properties The gas constant of air is R = 0.3704 psia-ftVlbm-R (Table A- IE). The specific heats of air at room temperature 
are c v = 0. 171 Btu/lbm-R and c p = 0.240 Btu/lbm-R (Table A-2Ea). 


Analysis The mass of the air in this system is 


m = 


m 

RT X 


(250psia)(lft 3 ) 

(0.3704 psia • ft 3 /lbm • R)(460 + 460 R) 


= 0.7336 lbm 


The final specific volume is then 



m 


0.5(1 ft 3 ) 
0.7336 lbm 


= 0.6816 ft 3 /lbm 


PA 



> 

(/ 


As the volume of the air decreased, the length of the spring will increase by 


At/ A(/ 

A p ttD 2 /4 


4(0.5 ft 3 ) 
^-(10 /12 ft) 2 


= 0.9167 ft = 11.00 in 


The final pressure is then 


P 2 =p l - AP = p l 


A F 


A 


= R 


kAx 


p 


A 


= R 


kAx 


p 


1 nD 1 / 4 


. 4(5 lbf/in)(l 1.00 in) 2 

= 250 psia — — r = 249.3 lbf/in 2 


;r(10 in) 


= 249.3 psia 


Employing the ideal gas equation of state, the final temperature will be 


PA / 2 (249,3 psia)(0,5 ft 3 ) 

mR (0.7336 lbm)(0.3704psia -ft 3 /lbm-R) 


Using the specific heats, 

A u =c v AT = (0.m Btu/lbm • R)(458.7 - 920)R = -78.9 Btu/lbm 
Ah = c p AT = (0.240 Btu/lbm- R)(458.7 -920)R = -11 0.7 Btu/lbm 
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4-62C No, it isn't. This is because the first law relation Q - W = AU reduces to W= 0 in this case since the system is 
adiabatic ( Q = 0) and AU= 0 for the isothermal processes of ideal gases. Therefore, this adiabatic system cannot receive 
any net work at constant temperature. 


4-63 Oxygen is heated to experience a specified temperature change. The heat transfer is to be determined for two cases. 

Assumptions 1 Oxygen is an ideal gas since it is at a high temperature and low pressure relative to its critical point values 
of 154.8 K and 5.08 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0.3 Constant specific 

heats can be used for oxygen. 

Properties The specific heats of oxygen at the average temperature of (20+120)/2=70°C=343 K are c p = 0.927 kJ/kg-K and 
c v = 0.667 kJ/kg-K (Table A-2b). 

Analysis We take the oxygen as the system. This is a closed system since no mass crosses the boundaries of the system. 

The energy balance for a constant-volume process can be expressed as 

fin ~ ^out — ^Aystem 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Q m =AU = mc v (T 2 — T{) 

The energy balance during a constant-pressure process (such as in a piston- 
cylinder device) can be expressed as 

fin ~ ^out — system 

N et energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

0m-»W=A£/ 

0in=»W+A£/ 

Qm = A H = me p (T 2 -T t ) 

since A U+ W\ ) = A H during a constant pressure quasi-equilibrium process. 

Substituting for both cases, 

Sin^const =rnc v (T 2 - 7\ ) = (1 kg)(0.667 kJ/kg • K)(120 - 20)K = 

Qrn, p= const = ™ Cp (T 2 -T t ) = (\ kg)(0.927 kJ/kg • K)( 120 - 20)K = 


66.7 kJ 

92.7 kJ 


o 2 

T x = 20°C 
T 2 = 120°C 


Q 



Q 
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4-64E The air in a rigid tank is heated until its pressure doubles. The volume of the tank and the amount of heat transfer are 
to be determined. 


Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of - 
221°F and 547 psia. 2 The kinetic and potential energy changes are negligible, Ape = A ke = 0.3 Constant specific heats at 

room temperature can be used for air. This assumption results in negligible error in heating and air-conditioning 
applications. 


Properties The gas constant of air is R = 0.3704 psia.ftVlbm.R (Table A- IE). 
Analysis ( a ) The volume of the tank can be determined from the ideal gas relation, 

mR T x (20 lbm)(0.3704 psia • ft 3 /lbm • R)(540 R) 3 

v — — — 80.0 it 

P x 50 psia 

(b) We take the air in the tank as our system. The energy balance for 
this stationary closed system can be expressed as 



Q 


^in ^out system 

V v J v V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Sin = a u 

Qin = m ( u 2 - «1 ) = mC v ( T 2 -T\ ) 


The final temperature of air is 


py_ = w_ 
T\ T 2 


> T 2 = — 7j = 2 x (540 R) = 1080 R 
P\ 


The internal energies are (Table A-17E) 
u \ = u @ 540 r = 92.04 Btu / lbm 
u 2 = u @ 1080 r = 1 86.93 Btu / lbm 


Substituting, 

Q m = (20 lbm)( 186.93 - 92.04)Btu/lbm = 1898 Btu 


Alternative solutions The specific heat of air at the average temperature of r avg = (540+1080)/2= 810 R = 350°F is, from 
Table A-2Eb, c v>av g = 0.175 Btu/lbm.R. Substituting, 

Q m = (20 lbm)( 0.175 Btu/lbm.R)(1080 - 540) R = 1890 Btu 

Discussion Both approaches resulted in almost the same solution in this case. 
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4-65E Heat is transferred to air contained in a rifid container. The internal energy change is to be determined. 

Assumptions 1 Air is an ideal gas since it is probably at a high temperature and low pressure relative to its critical point 
values of 238.5 R and 547 psia. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0.3 Constant 

specific heats at room temperature can be used for air. 

Analysis We take air as the system. This is a closed system since no mass crosses the boundaries of the system. The energy 
balance for this system can be expressed as 

^in — ^out — system 

v / V 0 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

q m = A u (since KE = PE = 0) 

Substituting, 

A u = q m =50Btu/lbm 



4-66E Paddle Wheel work is applied to nitrogen in a rigid container. The final temperature is to be determined. 

Assumptions 1 Nitrogen is an ideal gas since it is at a high temperature and low pressure relative to its critical point values 
of 126.2 K (227.1 R) and 3.39 MPa (492 psia). 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0.3 

Constant specific heats at room temperature can be used for nitrogen. 

• • *3 

Properties For nitrogen, c„= 0.177 Btu/lbm-R at room temperature andi? =0.3830 psia -ft /lbm-R (Table A-1E and A- 
2E a). 

Analysis We take the nitrogen as the system. This is a closed system since no mass crosses the boundaries of the system. 

The energy balance for this system can be expressed as 


^in -^out system 

V V ' v V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

W pwM = A U = mc v (T 2 - T x ) (since KE = PE = 0) 


The mass of nitrogen is 


m — 


RT X 


(20 psia)(l ft 3 ) 

(0.3830 psia • ft 3 /lbm • R)(560 R) 


= 0.09325 lbm 




Substituting, 


W, 


pw,in 


(5000 lbf • ft) 


1 Btu 

778.17 lbf -ft 

r. 


mc v (T 2 -T x ) 


(0.09325 lbm)(0.177 Btu/lbm • R)(r 2 -560)R 

949 R = 489 °F 
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4-67 Nitrogen in a piston-cylinder device undergoes an isobaric process. The final pressure and the heat transfer are to be 
determined. 

Assumptions 1 Nitrogen is an ideal gas since it is at a high temperature and low pressure relative to its critical point values 
of 126.2 K (227.1 R) and 3.39 MPa (492 psia). 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0.3 

Constant specific heats at room temperature can be used for nitrogen. 

Properties For nitrogen, c p = 1.039 kJ/kg-K at room temperature (Table A-2 a). 

Analysis Since this is an isobaric pressure, the pressure remains constant during the process and thus, 
p 2 =p { =lMPa 

We take the nitrogen as the system. This is a closed system since no mass crosses the boundaries of the system. The energy 
balance for this system can be expressed as 

fin ~ ^out — system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

- 9out - w b, ou/ = Au = («2 - u \ ) ( since KE = PE = 0) 

-tfout = w b,out +(« 2 -«l) 

-?out =h 2 -h 1 
</out =mc p (Ti ~ T i) 

since A u + w h = A h during a constant pressure (isobaric) quasi-equilibrium process. Substituting, 

4 out =c p (T l -T 2 ) = ( 1 .039 kJ/kg . °F)(427 - 27)°F = 416 kJ/kg 


Nitrogen ^ 

1 MPa Q 

427°C 
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4-68 A resistance heater is to raise the air temperature in the room from 5 to 25°C within 1 1 min. The required power rating 
of the resistance heater is to be determined. 


Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of - 
141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible, A ke = Ape = 0.3 Constant specific heats 

at room temperature can be used for air. This assumption results in negligible error in heating and air-conditioning 
applications. 4 Heat losses from the room are negligible. 5 The room is air-tight so that no air leaks in and out during the 
process. 

Properties The gas constant of air is R = 0.287 kPa.m 3 /kg.K (Table A-l). Also, c v = 0.718 kJ/kg.K for air at room 
temperature (Table A-2). 

Analysis We take the air in the room to be the system. This is a closed system since no mass crosses the system boundary. 
The energy balance for this stationary constant- volume closed system can be expressed as 


fin V system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

W eM = A U = me v mg (T 2 - T, ) (since Q = KE = PE = 0) 


or, 


W eM At = mc vmg {T 2 -T x ) 

The mass of air is 

{/ = 4x5x6 = 120 m 3 

P { V (100 kPa)(120 m 3 ) 

m = = 

RT X (0.287 kPa • m 3 /kg • K)(278 K) 



Substituting, the power rating of the heater becomes 



(150.6 kg)(0.718 kJ/kg •°C)(25-5)°C 
1 1 x 60 s 


= 3.28 kW 


Discussion In practice, the pressure in the room will remain constant during this process rather than the volume, and some 
air will leak out as the air expands. As a result, the air in the room will undergo a constant pressure expansion process. 
Therefore, it is more proper to be conservative and to use A H instead of using AU in heating and air-conditioning 
applications. 
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4-69 A student living in a room turns her 150-W fan on in the morning. The temperature in the room when she comes back 
1 0 h later is to be determined. 

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of - 
141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible, A ke = Ape = 0.3 Constant specific heats 

at room temperature can be used for air. This assumption results in negligible error in heating and air-conditioning 
applications. 4 All the doors and windows are tightly closed, and heat transfer through the walls and the windows is 
disregarded. 

Properties The gas constant of air is R = 0.287 kPa.m 3 /kg.K (Table A-l). Also, c v = 0.718 kJ/kg.K for air at room 
temperature (Table A-2). 

Analysis We take the room as the system. This is a closed system since the doors and the windows are said to be tightly 
closed, and thus no mass crosses the system boundary during the process. The energy balance for this system can be 
expressed as 

F — F — a F 

y 1 in 111 out system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

W eM , = A U 

W e,in = m ( U 2 -«l) = mC v (T 2 ~ 

The mass of air is 

C/ = 4x6x6 = 144 m 3 

PV (100 kPa)( 144 m 3 ) 

m = = 

RT X (0.287 kPa • m 3 /kg • K)(288 K) 

The electrical work done by the fan is 

W e = W e At = (0. 15 kJ / s)(10 x 3600 s) = 5400 kJ 
Substituting and using the value at room temperature, 

5400 kJ = (174.2 kg)(0.718 kJ/kg-°C)(r 2 - 15)°C 

T 2 = 58.2°C 

Discussion Note that a fan actually causes the internal temperature of a confined space to rise. In fact, a 100-W fan supplies 
a room with as much energy as a 100-W resistance heater. 


ROOM 




4 m x 6 m x 6 m 


Fan 


= 174.2 kg 
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4-70E One part of an insulated rigid tank contains air while the other side is evacuated. The internal energy change of the 
air and the final air pressure are to be determined when the partition is removed. 

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of 
-221.5°F and 547 psia. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0.3 Constant specific heats 

at room temperature can be used for air. This assumption results in negligible error in heating and air-conditioning 
applications. 3 The tank is insulated and thus heat transfer is negligible. 

Analysis We take the entire tank as the system. This is a closed 
system since no mass crosses the boundaries of the system. The 
energy balance for this system can be expressed as 

F — F — a F 

in ^ out ~ LAJZl system 

' V ' V V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

0 = AU = mc„(T 2 -T { ) 



Since the internal energy does not change, the temperature of the air will also 
not change. Applying the ideal gas equation gives 


m=p 2 v 2 


4 A =R 




= p. 


V 2 12 

V \ 


P| 100 psia 


2 


2 


= 50 psia 
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4-71 Air in a closed system undergoes an isothermal process. The initial volume, the work done, and the heat transfer are to 
be determined. 

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of 
132.5 K and 3.77 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0.3 Constant specific heats 

can be used for air. 

Properties The gas constant of air is R = 0.287 kJ/kg-K (Table A-l). 

Analysis We take the air as the system. This is a closed system since no mass crosses the boundaries of the system. The 
energy balance for this system can be expressed as 

fin ~ ^out — system 

N et energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Q m ~W hml =AU = mc u (T 2 -T t ) 

Cin-^6,out= 0 (since T x =T 2 ) 

Qm ~ ^6, out 

The initial volume is 

v . mRT, (2 kg)(0.287 kPa ■ m 3 /kg • K)(473 K) Q ^ m3 
1 P l 600 kPa 

Using the boundary work relation for the isothermal process of an ideal gas gives 

2 2 d{/ „ p 

W h ou t = m f Pdv = mRT f — — = mRT In — = mRT In — 

\ V l/j P 2 

= (2 kg)(0.287 kPa • m 3 /kg • K)(473 K)ln 6 °° kPa = 547.1 kJ 

80 kPa 

From energy balance equation, 

Q m = W b, ou i = 547.1 kJ 
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4-72 Argon in a piston-cylinder device undergoes an isothermal process. The mass of argon and the work done are to be 
determined. 

Assumptions 1 Argon is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of 
15 1 K and 4.86 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0 . 


Properties The gas constant of argon is R = 0.208 lkJ/kg-K (Table A-l). 

Analysis We take argon as the system. This is a closed system since no mass crosses the boundaries of the system. The 
energy balance for this system can be expressed as 


fin ^out system 

N et energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

£?in - W b ' = A U = mc v (T 2 - 7V) 
Qin ~ W bt , = 0 (since =T 2 ) 

8in ~ 'Lou, 


Thus, 



Q 



= Q m =1500 kJ 


Using the boundary work relation for the isothermal process of an ideal gas gives 


W, 


b, out 


= m \ 


Pd v = mRT 


dv P\ 

= mRT In — = mRT In 


r cu 
J t/ 


C/t 


P, 


Solving for the mass of the system, 


W> 


m = 


b, out 


1500 kJ 


p 

RT In 1 


A 


(0.2081 kPa -m 3 /kg • K)(373 K)ln 2 °° kPa 


= 13.94 kg 


50 kPa 
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4-73 Argon is compressed in a polytropic process. The work done and the heat transfer are to be determined. 

Assumptions 1 Argon is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of 
15 1 K and 4.86 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0 . 


Properties The properties of argon are R = 0.208 lkJ/kg-K and c v = 0.3 122 kJ/kg-K (Table A-2 a). 

Analysis We take argon as the system. This is a closed system since no mass crosses 
the boundaries of the system. The energy balance for this system can be expressed as 

fin ~ ^out = system 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Q m -W h , out = AC/ = mc v (T 2 - Tj ) 

Using the boundary work relation for the polytropic process of an ideal gas gives 


Argon ( 
120 kPa 
10°C 

Pv" = constant 


Q 


W 


fr,out 


RT { 
1 - n 


c d \( n ~ l ) /n 

to 


K P \ J 


-1 


(0.2081 kJ/kg -K)(283K) 


f 800 h 

1-1.2 


ll20j 


-1 


-109.5 kJ/kg 


Thus, 

w hin =109.5 kJ/kg 

The temperature at the final state is 


T 2 = T 1 


f p \{n-\)/n 

-L' 


\ P \ J 


= (283 K) 


^OOkPa ^ 0 ' 271 ' 2 


= 388.2 K 


120 kPa 

From the energy balance equation, 

q-m = ^,out +c v (r 2 ~T X ) = -109.5 kJ/kg + (0.3122 kJ/kg • K)(388.2 - 283)K = -76.6 kJ/kg 

Thus, 

g out = 76.6 kJ/kg 
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4-74 Carbon dioxide contained in a spring-loaded piston-cylinder device is heated. The work done and the heat transfer are 
to be determined. 

Assumptions 1 CO 2 is an ideal gas since it is at a high temperature relative to its critical temperature of 304.2 K. 2 The 
kinetic and potential energy changes are negligible, Ake = Ape = 0 . 


Properties The properties of C0 2 are R = 0.1889 kJ/kg-K 
and c v = 0.657 kJ/kg-K (Table A-2 a). 

Analysis We take C0 2 as the system. This is a closed system 
since no mass crosses the boundaries of the system. The 
energy balance for this system can be expressed as 

fin ~ V — system 

N et energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

0i„-^,out =A U = mc v (T 1 -T l ) 


The initial and final specific volumes are 




mRT x ( 1 kg)(0. 1 889 kPa -m 3 /kg • K)(298 K) 3 

= U. jozv m 


R 


100 kPa 


V 2 = 


mRT 2 (lkg)(0.1889kPa-m 3 /kg- K)(573K) =Q 1Qg2m 3 


P, 


1000 kPa 


P 



Pressure changes linearly with volume and the work done is equal to the area under the process line 1-2: 

(^2 -to 


W bm = Area = 


_ (100 + 1000)kPa (Q 1Q82 _ o 5629)m 3 
= -250.1kJ 


lkJ 


1 kPa • m 


Thus, 

W han = 250.1 kJ 

Using the energy balance equation, 

2in = W bt out + mc„(T 2 -T x ) = -250.1 kJ + (1 kg)(0.657 kJ/kg • K)(300 - 25)K = -69.4 kJ 

Thus, 

2out=69.4kJ 
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4-75 A piston-cylinder device contains air. A paddle wheel supplies a given amount of work to the air. The heat transfer is 
to be determined. 


Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of 
132.5 K and 3.77 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0.3 Constant specific heats 

can be used for air. 


Analysis We take the air as the system. This is a closed system since no mass crosses the boundaries of the system. The 
energy balance for this system can be expressed as 


fin -^out system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


^pw.in - ^,out + Qm = A U = mc v (T 2 - T x ) 
^pw.in - ^,out + Qm = 0 (since T x =T 2 ) 


Using the boundary work relation on a unit mass basis for the isothermal 
process of an ideal gas gives 



w b out = RT In = RT In 3 = (0.287 kJ/kg • K)(300 K)ln3 = 94.6 kJ/kg 
‘'l 

Substituting into the energy balance equation (expressed on a unit mass basis) gives 
</,n = w b oul - W pw m =94.6-50 = 44.6 kJ/kg 

Discussion Note that the energy content of the system remains constant in this case, and thus the total energy transfer 
output via boundary work must equal the total energy input via shaft work and heat transfer. 
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4-76 A cylinder is initially filled with air at a specified state. Air is heated electrically at constant pressure, and some heat is 
lost in the process. The amount of electrical energy supplied is to be determined. 

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 Air is an ideal gas 
with variable specific heats. 3 The thermal energy stored in the cylinder itself and the resistance wires is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 

Properties The initial and final enthalpies of air are (Table A- 17) 

h\ = ^@298 k = 298. 1 8 kJ / kg 

^2 ~ ^@350K = 350.49 kJ / kg 

Analysis We take the contents of the cylinder as the system. This is a closed 
system since no mass enters or leaves. The energy balance for this closed 
system can be expressed as jy 

F — F — a F 

in ^ out ~ ^^system 

V ' V V ' 

N et energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^e,in — 2out — ^b,out — ^^e,in — ~ ^l) 2out 



since A U + W b = A H during a constant pressure quasi-equilibrium process. Substituting, 
W e , ^ = (15 kg)(350.49 - 298.18)kJ/kg + (60 kJ) = 845 kJ 


or, 


Kj n = (845kJ) 


/ 1 kWh N 
3600 kJ 


= 0.235 kWh 


Alternative solution The specific heat of air at the average temperature of T avg = (25+ 11)12 = 5 1°C = 324 K is, from Table 
A-2b, c Pf avg = 1.0065 kJ/kg.°C. Substituting, 

W e in = mc p (T 2 - T x ) + Q out = (15 kg)(1.0065 kJ/kg.°C)(77 - 25)°C + 60 kJ = 845 kJ 


or, 


K,in = (845 kJ) 


r 1 kWh x 


= 0.235 kWh 


3600 kJ 

V / 

Discussion Note that for small temperature differences, both approaches give the same result. 
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4-77 A cylinder initially contains nitrogen gas at a specified state. The gas is compressed polytropically until the volume is 
reduced by one-half. The work done and the heat transfer are to be determined. 

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 The N 2 is an ideal 
gas with constant specific heats. 3 The thermal energy stored in the cylinder itself is negligible. 4 The compression or 
expansion process is quasi-equilibrium. 

Properties The gas constant of N 2 is R = 0.2968 kPa.nrVkg.K (Table A-l). The c v value of N 2 at the anticipated average 
temperature of 350 K is 0.744 kJ/kg.K (Table A-2b). 

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass crosses the system 
boundary. The energy balance for this closed system can be expressed as 




Then the boundary work for this polytropic process can be determined from 


- - -j, 


=- Pd {/ = - 


P 2 V 2 -P\V\ mR(T 2 -T x ) 


' l 1 — n 1 — n 

(1.5 kg)(0.2968 kJ/kg-K)(357.0-290)K 
1-1.3 


99.5 kJ 


Substituting into the energy balance gives 

Sout =^b,in -mc„(T 2 -T x ) 

= 99.5 kJ- (1.5 kg)(0.744kJ/kg.K)(357.0 — 290)K 

= 24.7 kJ 
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4-78 Problem 4-77 is reconsidered. The process is to be plotted on a P- 1/ diagram, and the effect of the polytropic 

exponent n on the boundary work and heat transfer as the polytropic exponent varies from 1.1 to 1.6 is to be investigated. 
The boundary work and the heat transfer are to be plotted versus the polytropic exponent. 

Analysis The problem is solved using EES, and the solution is given below. 


Procedure Work(P[2],V[2],P[1],V[1],n:WJn) 

If n=1 then 

W_in=-P[1 ]*V[1 ]*ln(V[2]/V[1 ]) 

Else 

W_in=-(P[2]*V[2]-P[1 ]*V[1 ])/(1 -n) 

endif 

End 

"Input Data" 

Vratio=0.5 "V[2]/V[1] = Vratio" 

"n=1 .3" "Polytropic exponent" 

P[1 ] = 1 00 [kPa] 

T[1] = (17+273) [K] 
m=1 .5 [kg] 

MM=molarmass(nitrogen) 

R_u=8.314 [kd/kmol-K] 

R=R_u/MM 

V[1]=m*R*T[1]/P[1] 

"Process equations" 

V[2]=Vratio*V[1] 

P[2]*V[2]/T[2]=P[1 ]*V[1 ]/T[1 ]"The combined ideal gas law for 
states 1 and 2 plus the polytropic process relation give P[2] and T[2]" 

P[2]*V[2] A n=P[1]*V[1] A n 

"Conservation of Energy for the closed system:" 

"EJn - E_out = DeltaE, we neglect Delta KE and Delta PE for the system, the nitrogen." 

Q_out= W_in-m*(u[2]-u[1]) 

u[1]=intenergy(N2, T =T[1 ]) "internal energy for nitrogen as an ideal gas, kJ/kg" 
u[2]=intenergy(N2, T=T[2]) 

Call Work(P[2],V[2],P[1],V[1],n:W_in) 

"The following is required for the P-v plots" 

{P_plot*spv_plot/T_plot=P[1 ]* V[1 ]/m/T[1 ] 

"The combined ideal gas law for states 1 and 2 plus the polytropic process relation give P[2] and T[2]" 
P_plot*spv_plot A n=P[1 ]*(V[1 ]/m) A n} 

{spV_plot=R*T_plot/P_plot"[m A 3]"} 
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Pressure vs. specific volume as function of polytropic exponent 



o 

Q. 


n 

Qout 

kJ] 

W in 

[kJ] 

i.i 

69.41 

92.66 

1.156 

57.59 

94.49 

1.211 

45.29 

96.37 

1.267 

32.49 

98.29 

1.322 

19.17 

100.3 

1.378 

5.299 

102.3 

1.433 

-9.141 

104.4 

1.489 

-24.18 

106.5 

1.544 

-39.87 

108.7 

1.6 

-56.23 

111 




n 
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4-79 It is observed that the air temperature in a room heated by electric baseboard heaters remains constant even though the 
heater operates continuously when the heat losses from the room amount to 6500 kJ/h. The power rating of the heater is to 
be determined. 


Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of - 
141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible, A ke = Ape = 0.3 The temperature of the 
room is said to remain constant during this process. 


Analysis We take the room as the system. This is a closed system since no mass crosses the boundary of the system. The 
energy balance for this system reduces to 


^in ^out ^^system 

' v J K V ' 

N et energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


^e,in - Sout = A U = 0 >K,in = Qout 

since A U= mcjST= 0 for isothermal processes of ideal gases. Thus, 


K . in = 0out = (6500 kJ/h) 


^ lkW A 
3600 kJ/h 


= 1.81 kW 



Q 
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4-80 A cylinder equipped with a set of stops on the top is initially filled with air at a specified state. Heat is 
transferred to the air until the piston hits the stops, and then the pressure doubles. The work done by the air and the amount 
of heat transfer are to be determined, and the process is to be shown on a P-v diagram. 

Assumptions 1 Air is an ideal gas with variable specific heats. 2 The kinetic and potential energy changes are negligible, 

A ke = Ape = 0.3 The thermal energy stored in the cylinder itself is negligible. 

Properties The gas constant of air is R = 0.287 kPa.nrVkg.K (Table A-l). 

Analysis We take the air in the cylinder to be the system. This is a closed 
system since no mass crosses the boundary of the system. The energy 
balance for this closed system can be expressed as 


^in ^out 

V 

Net energy transfer 
by heat, work, and mass 


A E, 


system 


Change in internal, kinetic, 
potential, etc. energies 


Qn-W b ' 0Ut =AU = m(u 3 -u l ) 
fin =m(u 3 -u l ) + W houl 

The initial and the final volumes and the final temperature of air are 
determined from 

v = mKT^ = (3 kg)(0.287 kPa • m 3 /kg • K)(300 K) = { 2g ^ 



P 


P 


C/ 3 = 2(/, = 2 x 1.29 = 2.58 m 


200 kPa 

3 


m m 

T, n 


■» T 3 = — — 7| = 400 k?a x 2 x (300 K) = 1200 K 
P X V\ 200 kPa 


A 


!•— > 


c/ 


No work is done during process 2-3 since i/ 2 = The pressure remains constant 
during process 1-2 and the work done during this process is 


W b =fPdl/ = P 2 (l/ 2 -l/ 1 ) 


= (200 kPa)(2.58 - 1.29) m 


lkJ 


= 258 kj 


1 kPa-m 3 

V / 

The initial and final internal energies of air are (Table A- 17) 


u 


~ u @300 k _ 214.07 kJ/kg 


u 3 ~ u @noo k _ 933.33 ld/kg 
Substituting, 


Q m = (3 kg)(933.33 - 214.07)kJ/kg + 258 kJ = 2416 kj 


Alternative solution The specific heat of air at the average temperature of r avg = (300 + 1200)/2 = 750 K is, from Table A- 
2b, c u av g = 0.800 kJ/kg.K. Substituting 

Qm = m < U 3 ~ u \ ) + ^b,out = mc v ( T 3 ~ T l) + ^b.out 

= (3 kg)(0.800 kJ/kg. K)(1200 - 300) K + 258 kj = 2418 kj 
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4-81 Air at a specified state contained in a piston-cylinder device with a set of stops is heated until a final temperature. The 
amount of heat transfer is to be determined. 

Assumptions 1 Air is an ideal gas since it is at a high temperature relative to its critical temperature of 304.2 K. 2 The 
kinetic and potential energy changes are negligible, Ake = Ape = 0 . 


Properties The properties of air are R = 0.287 kJ/kg-K and c v = 0.718 kJ/kg-K (Table A-2 a). 

Analysis We take air as the system. This is a closed system since no mass 
crosses the boundaries of the system. The energy balance for this system can 
be expressed as 

— E out — AE system 

v v 7 ' — v — ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Qm ~ out = A U = mc v (T 2 - T x ) 

The volume will be constant until the pressure is 300 kPa: 



T 2= T \ 


h 

R 


= (300 K) 


300 kPa 
100 kPa 


= 900 K 


The mass of the air is 


m = 


m 


(100 kPa)(0.4m 3 ) 


RT { (0.287 kPa • m 3 /kg • K)(300 K) 


= 0.4646 kg 


The boundary work done during process 2-3 is 
^,out =P 2 (V 3 -l V 2 ) = mR(T 3 -T 2 ) 

= (0.4646 kg)(0.287 kPa • m 3 /kg • K)(1200 - 900)K 
= 40 kJ 


P 

(kPa) 


A 


300 

100 


2 3 

► 


V (m 3 ) 


Substituting these values into energy balance equation, 

Qm = ^,out + mcvih -7^ = 40 kJ + (0.4646 kg)(0.718 kJ/kg • K)(1200 - 300)K = 340 kJ 
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4-82 Air at a specified state contained in a piston-cylinder device undergoes an isothermal and constant volume process 
until a final temperature. The process is to be sketched on the P- (/ diagram and the amount of heat transfer is to be 
determined. 

Assumptions 1 Air is an ideal gas since it is at a high temperature relative to its critical temperature of 304.2 K. 2 The 
kinetic and potential energy changes are negligible, Ake = Ape = 0 . 


Properties The properties of air are R = 0.287 kJ/kg-K and c v = 0.718 kJ/kg-K (Table A-2 a). 


Analysis (a) The processes 1-2 (isothermal) and 2-3 (constant- volume) are 
sketched on the P- l/diagram as shown. 

(b) We take air as the system. This is a closed system since no mass crosses 
the boundaries of the system. The energy balance for this system fort he 
process 1-3 can be expressed as 

F — F = a F 
in out — system 

' v ' v V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

- ^6, out, 1-2 + Qin = At/ = mc u (T 3 - T t ) 



The mass of the air is 


m = 


m 


(600 kPa)(0.8m 3 ) 


RT { (0.287 kPa • m 3 /kg • K)(1200 K) 


= 1.394 kg 


The work during process 1-2 is determined from boundary work relation 
for an isothermal process to be 

W b,out,\-2 = mRT \ ln 77- = mRTf liA 


(/, 


P-, 


= (1.394 kg)(0.287 kPa • m 3 /kg • K)(1200 K )i n 6QQkPa 

300 kPa 

= 332.8 kJ 


P 



since — 


Pi 


for an isothermal process. 


Substituting these values into energy balance equation, 

Qm = ^6, out, 1-2 +mc v (T 3 -T x ) 

= 332.8 kJ + (1.394 kg)(0.718 kJ/kg ■ K)(300 - 1200)K 

= -568 kJ 


Thus, 

a u ,= 568 kJ 
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4-83 Argon at a specified state contained in a piston-cylinder device with a set of stops is compressed at constant 
temperature until a final volume. The process is to be sketched on the P- (/diagram and the amount of heat transfer is to be 
determined. 

Assumptions 1 Argon is an ideal gas 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0 . 


Properties The properties of argon are R = 0.2081 kJ/kg-K and c v = 0.3 122 kJ/kg-K (Table A-2 a). 


Analysis (a) The processes 1-2 (isothermal) and 2-3 (isobaric) are sketched on 
the P- (/diagram as shown. 


(b) We take argon as the system. This is a closed system since no mass 
crosses the boundaries of the system. The energy balance for this system fort 
he process 1-3 can be expressed as 


^in ^out — ^'system 

v v / ' V J 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


W b , in, 1-2 + Sin - out, 2-3 = ^ = mc v (T, - T, ) 



The mass of the air is 

» = ™ - ( 100kPa f 4m3 > = 0.6407 kg 

RT X (0.2081 kPa-m 3 /kg-K)(300K) 

The pressure at state 2 is (1-2, isothermal process) 

P, = P-^- = (100kPa) ° 4m , = 200 kPa 
V 2 0.2 m 3 

The temperature at state 3 is (2-3, isobaric process) 

r 3 =r, A = (30 0K)^y = 900K 

3 v 2 0.2 m 3 


P A 
(kPa) 


2 3 



V (m 3 ) 


The compression work during process 1-2 is determined from boundary work relation for an isothermal process to be 


W h0UtJ _ 2 = mRT x In — = (0.6407 kg)(0.208 1 kPa • m 3 /kg • K)(300 K)ln Q2m _ = -27.7 kJ 


c/, 


0.4 m 


Thus, W binl _ 2 = 27 .7 kJ 

The expansion work during process 2-3 is determined from boundary work relation for a constant-pressure process to be 
w bi out, 2-3 =^ 2(^3 -V 2 ) = mR(T 3 -T 2 ) = (0.6407 kg)(0.2081kPa-m 3 /kg-K)(900-300)K = 80.0 kJ 
Substituting these values into energy balance equation, 

Qin = ^6, out, 2-3 - W h, in, 1-2 + mC v ( T 3 - T 1 ) 

= 80 kJ - 27.7 kJ + (0.6407 kg)(0.3122 kJ/kg ■ K)(900 - 300)K 

= 172.2 kJ 
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4-84 An ideal gas at a specified state contained in a piston-cylinder device undergoes an isothermal process during which 
heat is lost from the gas. The final pressure and volume are to be determined. 


Assumptions 1 The kinetic and potential energy changes are negligible, 
Ake = Ape = 0 . 


Properties The properties of air are R = 0.287 kJ/kg-K and c v = 0.718 
kJ/kg-K (Table A-2 a). 

Analysis We take the ideal gas as the system. This is a closed system 
since no mass crosses the boundaries of the system. The energy balance 
for this system fort he process 1-3 can be expressed as 



fin ^out ^fistem 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

- 2out - W b,oux =AU = mc„ (T 3 -T { ) = 0 since T 2 = T { 

~ 2out — Wb , out 


The boundary work for an isothermal process is determined from 


P P mRT (A (A 

w b , out =JPdU = J—dV = mRT In In ^ 

11 11 



Thus, 




= exp 


r w Ko y 
v m j 


= exp 


-Q 


f 


out 


v m j 


= expi 


- 60 kJ 


A 


(100kPa)(0.6m 3 ) 


= exp(-l) = 0.3679 


and 


V 2 =0.3679^! = 0.3679(0.6 m 3 ) = 0.221 m 3 


The final pressure is found from the combined ideal gas law: 


m 

T, 


CV 


T- 


l/l 1 

+ p 2 = p l — - (lOOkPa) = 272 kPa 


l/. 


0.3679 
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Closed System Energy Analysis: Solids and Liquids 

4-85 An iron block is heated. The internal energy and enthalpy changes are to be determined for a given temperature 
change. 

Assumptions Iron is an incompressible substance with a constant specific heat. 

Properties The specific heat of iron is 0.45 kJ/kg-K (Table A-3 b). 

Analysis The internal energy and enthalpy changes are equal for a solid. Then, 

AH = AU = mcAT = (1 kg)(0.45 kJ/kg • K)(75 - 25)K = 22.5 kJ 


4-86E Liquid water experiences a process from one state to another. The internal energy and enthalpy changes are to be 
determined under different assumptions. 

Analysis (a) Using the properties from compressed liquid tables 

u x =W /@ 50 o F = 18.07 Btu/lbm (TableA-4E) 


>h 


~ hf @ 50°F + V f (P ^sat @t) 

= 18.07 Btu/lbm + ( 0. 0 1 602 ft 3 /lbm)(5 0-0.1781 2) psia 


1 Btu 

5.404 psia -ft 


\ 


3 J 


18.21 Btu/lbm 


P 2 =2000 psia! u 2 
T 2 = 100°F J h 2 


67.36 Btu/lbm 

(Table A- 7E) 

73.30 Btu/lbm 


A u=u 2 -u x =67.36-18.07 = 49.29 Btu/lbm 
A h = h 2 -h x =73.30-18.21 = 55.08 Btu/lbm 


(b) Using incompressible substance approximation and property tables (Table A-4E), 

u x =u |@5 o°f = 1 8.07 Btu/lbm 
h x = h f r a 50 o F = 18.07 Btu/lbm 
u 2 = Wy@ioo°F = 68.03 Btu/lbm 
h 2 = h y’@ioo°F ~ 68.03 Btu/lbm 


A u = u 2 -u x = 68.03-18.07 = 49.96 Btu/lbm 
A h = h 2 -h x =68.03 -18.07 = 49.96 Btu/lbm 

(c) Using specific heats and taking the specific heat of water to be 1.00 Btu/lbm-R (Table A-3Ea), 
Ah = Au = cAT = (1.00 Btu/lbm - R)( 100- 50)R = 50 Btu/lbm 
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4-87E A person shakes a canned of drink in a iced water to cool it. The mass of the ice that will melt by the time the canned 
drink is cooled to a specified temperature is to be determined. 

Assumptions 1 The thermal properties of the drink are constant, and are taken to be the same as those of water. 2 The effect 
of agitation on the amount of ice melting is negligible. 3 The thermal energy capacity of the can itself is negligible, and thus 
it does not need to be considered in the analysis. 

Properties The density and specific heat of water at the average temperature of (75+45)/2 = 60°F are p = 62.3 lbm/ft 3 , and 
c p = 1.0 Btu/lbm.°F (Table A-3E). The heat of fusion of water is 143.5 Btu/lbm. 

Analysis We take a canned drink as the system. The energy balance for this closed system can be expressed as 


^in -^out ^^system 

V V ' V V ' 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

"Gout = ^canned drink = m ( U 2 ~ U \ ) > Gout = mC ( T \ ~ T l) 

Noting that 1 gal = 128 oz and 1 ft 3 = 7.48 gal = 957.5 oz, the total amount of 
heat transfer from a ball is 


Cola 

75°F 


m - pV - (62.3 lbm/ft 3 )(12 oz/can) 


f lft3 1 

f Igal ) 

1 7-48 gal J 

v 128 fluid oz j 


= 0.781 lbm/can 


Q out = mc(T x -T 2 ) = (0.78 1 lbm/can)(l .0 Btu/lbm.°F)(75 - 45)°F = 23.4 Btu/can 



Noting that the heat of fusion of water is 143.5 Btu/lbm, the amount of ice that will melt to cool the drink is 


m 


ice 


0 out _ 23.4 Btu/can 
hjj 143.5 Btu/lbm 


= 0.163 lbm 


(per can of drink) 


since heat transfer to the ice must be equal to heat transfer from the can. 

Discussion The actual amount of ice melted will be greater since agitation will also cause some ice to melt. 
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4-88 An iron whose base plate is made of an aluminum alloy is turned on. The minimum time for the plate to reach a 
specified temperature is to be determined. 

Assumptions 1 It is given that 85 percent of the heat generated in the resistance wires is transferred to the plate. 2 The 
thermal properties of the plate are constant. 3 Heat loss from the plate during heating is disregarded since the minimum 
heating time is to be determined. 4 There are no changes in kinetic and potential energies. 5 The plate is at a uniform 
temperature at the end of the process. 

Properties The density and specific heat of the aluminum alloy plate are given to be p = 2770 kg/m' and c p = 875 kJ/kg.°C. 
Analysis The mass of the iron's base plate is 

m = pV = pLA = (2770 kg/m 3 )(0.005 m)(0.03 m 2 ) = 0.4155 kg 

Noting that only 85 percent of the heat generated is transferred to the plate, 
the rate of heat transfer to the iron's base plate is 

Q m = 0.90x1000 W = 900 W 

We take plate to be the system. The energy balance for this closed system can 
be expressed as 

fin ~ — A£’ S y Stem 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Qm = AC/ plate = m ( U 2 ~«l) > Qm At = mc ( T 2 ~ T l) 

Solving for At and substituting, 

mcAT late (0.4155 kg)(875 J/kg.°C)(200 -22)°C ^ n 

Q. 900 J/s 

^ in 

which is the time required for the plate temperature to reach the specified temperature. 



22 C 
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4-89 Stainless steel ball bearings leaving the oven at a specified uniform temperature at a specified rate are exposed to air 
and are cooled before they are dropped into the water for quenching. The rate of heat transfer from the ball bearing to the 
air is to be determined. 

Assumptions 1 The thermal properties of the bearing balls are constant. 2 The kinetic and potential energy changes of the 
balls are negligible. 3 The balls are at a uniform temperature at the end of the process 

'j 

Properties The density and specific heat of the ball bearings are given to be p = 8085 kg/m' and c p = 0.480 kJ/kg.°C. 

Analysis We take a single bearing ball as the system. 

The energy balance for this closed system can be 
expressed as 

^in — ^out = A^system 

' V ' r V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

-2out= AC/ ball = w («2— «l) 

Qout =mc(T t -T 2 ) 

The total amount of heat transfer from a ball is 

m = pV = p — = (8085 kg/m 3 ) ^ °- 012m } = 0.0073 15 kg 
6 6 

Q out = mc(T x -T 2 ) = (0.0073 1 5 kg)(0.480 kJ/kg.°C)(900 - 850)°C = 0.1756 kJ/ball 
Then the rate of heat transfer from the balls to the air becomes 

(7 total = n bail Gout (per bail) = (800 balls/min)x (0. 1756 kJ/ball) = 140.5 kj/min = 2.34 kW 
Therefore, heat is lost to the air at a rate of 2.34 kW. 


Furnace 



4-90 Carbon steel balls are to be annealed at a rate of 2500/h by heating them first and then allowing them to cool slowly in 
ambient air at a specified rate. The total rate of heat transfer from the balls to the ambient air is to be determined. 


Assumptions 1 The thermal properties of the balls are constant. 2 There are no changes in kinetic and potential energies. 3 
The balls are at a uniform temperature at the end of the process 

Properties The density and specific heat of the balls are given to be p = 7833 kg/m and c p = 0.465 kJ/kg.°C. 


Analysis We take a single ball as the system. The energy 
balance for this closed system can be expressed as 


-^in ^out ” A^system 

V v ' V V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

-flmt = A t / ball = m(u 2 -W| ) 

Qout = mC ( T \ ~ T l) 

(b) The amount of heat transfer from a single ball is 


Furnace 




m = pV = p— = (7833 kg/m 3 ) ;r(Q - 008 m) = 0.00210 kg 
6 6 

Q out = mc p (T x -T 2 ) = (0.0021 kg)(0.465 kJ/kg.°C)(900 - 100)°C = 0.781 kJ (per ball) 


Then the total rate of heat transfer from the balls to the ambient air becomes 


4ut = ^baiiGout = (2500 balls/h) x (0.781 kJ/ball) = 1,953 kJ/h - 542 W 
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4-91 An egg is dropped into boiling water. The amount of heat transfer to the egg by the time it is cooked is to be 
determined. 

Assumptions 1 The egg is spherical in shape with a radius of r 0 = 2.75 cm. 2 The thermal properties of the egg are 
constant. 3 Energy absorption or release associated with any chemical and/or phase changes within the egg is negligible. 4 
There are no changes in kinetic and potential energies. 

Properties The density and specific heat of the egg are given to be p = 1020 kg/m 3 and c p = 3.32 kJ/kg.°C. 

Analysis We take the egg as the system. This is a closes system since no mass 
for this closed system can be expressed as 

^in — V — ^^system 

V V ' V V ' 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

fin = A^egg = m ( u 2 “Ml) = mc(T 2 ~T x ) 

Then the mass of the egg and the amount of heat transfer become 

m = pV = p— = (1020 kg/m 3 ) ^l 0,055 m) = 0 .0889 kg 
6 6 

Q m = mc p (T 2 - 7]) = (0.0889 kg)(3.32 kJ/kg.°C)(80 - 8)°C = 21 .2 kJ 


enters or leaves the egg. The energy balance 


Boiling 

Water 



4-92E Large brass plates are heated in an oven at a rate of 300/min. The rate of heat transfer to the plates in the oven is to 
be determined. 

Assumptions 1 The thermal properties of the plates are constant. 2 The changes in kinetic and potential energies are 
negligible. 

Properties The density and specific heat of the brass are given to be 
p= 532.5 lbm/ft 3 and c p = 0.091 Btu/lbm.°F. 

Analysis We take the plate to be the system. The energy balance for 
this closed system can be expressed as 

^in — ^out — ^^system 

V V ' , v V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

fiin = AC/ plate = m(u 2 -U x ) = mc(T 2 -7]) 

The mass of each plate and the amount of heat transfer to each plate is 

m = /?(/ = pLA = (532.5 lbm/ft 3 )[(1 .2 / 12 ft)(2 ft)(2 ft)] = 213 lbm 
Q m = mc(T 2 - 7j) = (213 lbm/plate)(0.09 1 Btu/lbm.°F)(l 000 - 75)°F = 17,930 Btu/plate 
Then the total rate of heat transfer to the plates becomes 

fiotai = ^piatefin, per plate = (300 plates/min) x (17,930 Btu/plate) = 5,379,000 Btu/min = 89,650 Btu/s 
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4-93 Long cylindrical steel rods are heat-treated in an oven. The rate of heat transfer to the rods in the oven is to be 
determined. 

Assumptions 1 The thermal properties of the rods are constant. 2 The changes in kinetic and potential energies are 
negligible. 

Properties The density and specific heat of the steel rods are given to be p = 7833 kg/m 3 and c p = 0.465 kJ/kg.°C. 

Analysis Noting that the rods enter the oven at a velocity of 2 m/min and exit at the same velocity, we can say that a 3-m 
long section of the rod is heated in the oven in 1 min. Then the mass of the rod heated in 1 minute is 

m = pV = pLA = P L(ttD 2 / 4) = (7833 kg/m 3 )(2 m)|>(0.08 m) 2 / 4] = 78.75 kg 

We take the 2-m section of the rod in the oven as the system. The 
energy balance for this closed system can be expressed as 

fin ~ gput — 'system 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

fin = At/rod = m(u 2 — M| ) = mc(T 2 - 7j) 

Substituting, 

Q m = mc(T 2 -T { ) = (78.75 kg)(0.465 kJ/kg.°C)(700 - 30)°C = 24,530 kJ 
Noting that this much heat is transferred in 1 min, the rate of heat transfer to the rod becomes 
Q m = Q in / At = (24,530 kJ)/(l min) = 24,530 kJ/min = 409 kW 
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4-94 An electronic device is on for 5 minutes, and off for several hours. The temperature of the device at the end of the 5- 
min operating period is to be determined for the cases of operation with and without a heat sink. 

Assumptions 1 The device and the heat sink are isothermal. 2 The thermal properties of the device and of the sink are 
constant. 3 Heat loss from the device during on time is disregarded since the highest possible temperature is to be 
determined. 

Properties The specific heat of the device is given to be c p = 850 J/kg.°C. The specific heat of aluminum at room 
temperature of 300 K is 902 J/kg.°C (Table A-3). 

Analysis We take the device to be the system. Noting that electrical energy is 

supplied, the energy balance for this closed system can be expressed as Electronic 

- A E device, 25°C 

u \n -^out — system 

v v ' K V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^e,in = ^device = «(«2 ~ U \) 

W cm Af = >nc(T 2 -T\) 

Substituting, the temperature of the device at the end of the process is determined to be 

(25 J/s)(5 x 60 s) = (0.020 kg)(850 J/kg.°C)(r 2 - 25)°C -> T 2 = 466°C (without the heat sink) 

Case 2 When a heat sink is attached, the energy balance can be expressed as 

^e,in — ^ ^device + ^ ^heatsink 

W e in At = mc(T 2 - 7j ) device + mc(T 2 - 7] ) heat sillk 

Substituting, the temperature of the device-heat sink combination is determined to be 

(25 J/s)(5 x 60 s) = (0.020 kg)(850 J/kg.°C)(r 2 - 25)°C + (0.500 kg)(902 J/kg.°C)(r 2 - 25)°C 
T 2 = 41 .0°C (with heat sink) 

Discussion These are the maximum temperatures. In reality, the temperatures will be lower because of the heat losses to the 
surroundings. 
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4-95 ““ Problem 4-94 is reconsidered. The effect of the mass of the heat sink on the maximum device temperature as 
the mass of heat sink varies from 0 kg to 1 kg is to be investigated. The maximum temperature is to be plotted against the 
mass of heat sink. 


Analysis The problem is solved using EES, and the solution is given below. 


"Knowns:" 

"T_1 is the maximum temperature of the device" 

Q_dot_out = 25 [W] 
m_device=20 [g] 

Cp_device=850 [J/kg-C] 

A=5 [cm A 2] 

DELTAt=5 [min] 

T_amb=25 [C] 

{m_sink=0.5 [kg]} 

"Cp_al taken from Table A-3(b) at 300K" 

Cp_al=0.902 [kJ/kg-C] 

T_2=T_amb 

"Solution:" 

"The device without the heat sink is considered to be a closed system." 

"Conservation of Energy for the closed system:" 

"E_dot_in - E_dot_out = DELTAEdot, we neglect DELTA KE and DELTA PE for the system, the device." 
E_dot_in - E_dot_out = DELTAE dot 
E_dot_in =0 
E_dot_out = Qdotout 

"Use the solid material approximation to find the energy change of the device." 

DELTAE_dot= m_device*convert(g,kg)*Cp_device*(T_2-T_1_device)/(DELTAt*convert(min,s)) 

"The device with the heat sink is considered to be a closed system." 

"Conservation of Energy for the closed system:" 

"E_dot_in - E_dot_out = DELTAE dot, we neglect DELTA KE and DELTA PE for the device with the heat sink." 
E_dot_in - E_dot_out = DELTAE_dot_combined 

"Use the solid material approximation to find the energy change of the device." 

DELTAE_dot_combined= (m_device*convert(g,kg)*Cp_device*(T_2-T_1_device&sink)+m_sink*Cp_al*(T_2- 
T_1_device&sink)*convert(kJ,J))/(DELTAt*convert(min,s)) 


fflsink 

rkcii 

T 1 ,device&sink 

[C] 

0 

466.2 

0.1 

94.96 

0.2 

62.99 

0.3 

51.08 

0.4 

44.85 

0.5 

41.03 

0.6 

38.44 

0.7 

36.57 

0.8 

35.15 

0.9 

34.05 

1 

33.16 
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4-96 The face of a person is slapped. For the specified temperature rise of the affected part, the impact velocity of the hand 
is to be determined. 

Assumptions 1 The hand is brought to a complete stop after the impact. 2 The face takes the blow without significant 
movement. 3 No heat is transferred from the affected area to the surroundings, and thus the process is adiabatic. 4 No work 
is done on or by the system. 5 The potential energy change is zero, APE = 0 and A E = A U + AKE. 

Analysis We analyze this incident in a professional manner without involving any emotions. First, we identify the system, 
draw a sketch of it, and state our observations about the specifics of the problem. We take the hand and the affected portion 
of the face as the system. This is a closed system since it involves a fixed amount of mass (no mass transfer). We observe 
that the kinetic energy of the hand decreases during the process, as evidenced by a decrease in velocity from initial value to 
zero, while the internal energy of the affected area increases, as evidenced by an increase in the temperature. There seems 
to be no significant energy transfer between the system and its surroundings during this process. Linder the stated 
assumptions and observations, the energy balance on the system can be expressed as 

^in ~ ^out — system 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

0 — affected tissue ^^hand 

0 — (me AT) a ffe C t e d tissiie + [m(0-K 2 )/2] hand 


That is, the decrease in the kinetic energy of the hand must be equal to the increase in the internal energy of the affected 
area. Solving for the velocity and substituting the given quantities, the impact velocity of the hand is determined to be 


Vi 


2(mcAT) a ff ec t e( j tissue 


hand 


m 


hand 


v 


hand 


2(0.15 kg)(3.8 kJ/kg • °C)(1.8°C) 

1000 m 2 /s 2 ' 

1.2 kg 

l 1 kJ/kg) J 


= 41 .4 m/s (or 149 km/h) 


Discussion Reconstruction of events such as this by making appropriate assumptions are commonly used in forensic 
engineering. 
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Special Topic: Biological Systems 


4-74 


4-97C Metabolism refers to the chemical activity in the cells associated with the burning of foods. The basal metabolic rate 
is the metabolism rate of a resting person, which is 84 W for an average man. 


4-98C The food we eat is not entirely metabolized in the human body. The fraction of metabolizable energy contents are 
95.5% for carbohydrates, 77.5% for proteins, and 97.7% for fats. Therefore, the metabolizable energy content of a food is 
not the same as the energy released when it is burned in a bomb calorimeter. 


4-99C Yes. Each body rejects the heat generated during metabolism, and thus serves as a heat source. For an average adult 
male it ranges from 84 W at rest to over 1000 W during heavy physical activity. Classrooms are designed for a large 
number of occupants, and thus the total heat dissipated by the occupants must be considered in the design of heating and 
cooling systems of classrooms. 


4-100C 1 kg of natural fat contains almost 8 times the metabolizable energy of 1 kg of natural carbohydrates. Therefore, a 
person who fills his stomach with carbohydrates will satisfy his hunger without consuming too many calories. 


4-101 Six people are fast dancing in a room, and there is a resistance heater in another identical room. The room that will 
heat up faster is to be determined. 

Assumptions 1 The rooms are identical in every other aspect. 2 Half of the heat dissipated by people is in sensible form. 3 
The people are of average size. 

Properties An average fast dancing person dissipates 600 Cal/h of energy (sensible and latent) (Table 4-2). 

Analysis Three couples will dissipate 

E = (6 persons)(600 Cal/h.person)(4.1868 kJ/Cal) =15,072 kJ/h = 4190 W 

of energy. (About half of this is sensible heat). Therefore, the room with the people dancing will warm up much faster than 
the room with a 2-kW resistance heater. 
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4-75 


4-102 Two men are identical except one jogs for 30 min while the other watches TV. The weight difference between these 
two people in one month is to be determined. 

Assumptions The two people have identical metabolism rates, and are identical in every other aspect. 

Properties An average 68-kg person consumes 540 Cal/h while jogging, and 72 Cal/h while watching TV (Table 4-2). 
Analysis An 80-kg person who jogs 0.5 h a day will have jogged a total of 15 h a month, and will consume 


^consumed -[(540- 72) Cal/h](15h) 


4.1868 kj" 

"80 kg" 

1 Cal J 

v 68 kg J 


= 34,578 kJ 


more calories than the person watching TV. The metabolizable energy content of 1 kg of fat is 33,100 kJ. Therefore, the 
weight difference between these two people in 1 -month will be 


A ™fat - 


A E 


consumed 


34,578 kJ 
Energy content of fat 3 3 , 1 00 kJ/kg 


= 1.045 kg 


4-103 A bicycling woman is to meet her entire energy needs by eating 30-g candy bars. The number of candy bars she 
needs to eat to bicycle for 1 -h is to be determined. 

Assumptions The woman meets her entire calorie needs from candy bars while bicycling. 

Properties An average 68-kg person consumes 639 Cal/h while bicycling, and the energy content of a 20-g candy bar is 105 
Cal (Tables 4-1 and 4-2). 


Analysis Noting that a 20-g candy bar contains 105 Calories of metabolizable energy, a 30-g candy bar will contain 


E 


candy 


(105 Calf 


30 g 


\20g 


= 157.5 Cal 


of energy. If this woman is to meet her entire energy needs by eating 30-g candy bars, she will need to eat 


N, 


candy 


639Cal/h 

157.5Cal 


4candybars/h 
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4-104 A 75-kg man eats 1-L of ice cream. The length of time this man needs to jog to burn off these calories is to be 
determined. 


Assumptions The man meets his entire calorie needs from the ice cream while jogging. 

Properties An average 68-kg person consumes 540 Cal/h while jogging, and the energy content of a 100-ml of ice cream is 
1 1 0 Cal (Tables 4- 1 and 4-2). 

Analysis The rate of energy consumption of a 5 5 -kg person while jogging is 


E 


consumed 


= (540 Cal/h { LTi 
\ 68 kg 


= 596 Cal/h 


Noting that a 100-ml serving of ice cream has 110 Cal of metabolizable energy, a 1 -liter box of ice cream will have 1100 
Calories. Therefore, it will take 


= 


1100 Cal 
596 Cal/h 


= 1.85 h 


of jogging to burn off the calories from the ice cream. 


4-105 A man with 20-kg of body fat goes on a hunger strike. The number of days this man can survive on the body fat 
alone is to be determined. 

Assumptions 1 The person is an average male who remains in resting position at all times. 2 The man meets his entire 
calorie needs from the body fat alone. 

Properties The metabolizable energy content of fat is 33,100 Cal/kg. An average resting person burns calories at a rate of 
72 Cal/h (Table 4-2). 

Analysis The metabolizable energy content of 20 kg of body fat is 
E u = (33,100 kJ/kg)(20 kg) = 662,000 kJ 


The person will consume 


Consumed = (72 Cal/h)(24 h 

Therefore, this person can survive 
662,000 kJ 


4.1868 kJ 
1 Cal 


= 7235 kJ/day 


At = 


= 91.5 days 


7235 kJ/day 

on his body fat alone. This result is not surprising since people are known to survive over 100 days without any food intake. 
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4-106 Two 50-kg women are identical except one eats her baked potato with 4 teaspoons of butter while the other eats hers 
plain every evening. The weight difference between these two woman in one year is to be determined. 

Assumptions 1 These two people have identical metabolism rates, and are identical in every other aspect. 2 All the calories 
from the butter are converted to body fat. 

Properties The metabolizable energy content of 1 kg of body fat is 33,100 kJ. The metabolizable energy content of 1 
teaspoon of butter is 35 Calories (Table 4-1). 

Analysis A person who eats 4 teaspoons of butter a day will consume 


E 


consumed 


(35 Cal/teaspoon)(4 teaspoons/dayf 

^ 1 year 


51,100 Cal/year 


Therefore, the woman who eats her potato with butter will gain 


^fat 


51,100 Cal f 4,1868 kJ A 
33,100 kJ/kg [ 1 Cal , 


6.5 kg 


of additional body fat that year. 


4-107 A woman switches from 1-L of regular cola a day to diet cola and 2 slices of apple pie. It is to be determined if she 
is now consuming more or less calories. 

Properties The metabolizable energy contents are 300 Cal for a slice of apple pie, 87 Cal for a 200-ml regular cola, and 0 
for the diet drink (Table 4-3). 

Analysis The energy contents of 2 slices of apple pie and 1 -L of cola are 
£ pie = 2x(300 Cal) = 600 Cal 
£ coIa = 5x(87Cal)= 435 Cal 

Therefore, the woman is now consuming more calories. 


4-108 A person drinks a 12-oz beer, and then exercises on a treadmill. The time it will take to burn the calories from a 12- 
oz can of regular and light beer are to be determined. 

Assumptions The drinks are completely metabolized by the body. 

Properties The metabolizable energy contents of regular and light beer are 150 and 100 Cal, respectively. Exercising on a 
treadmill burns calories at an average rate of 700 Cal/h (given). 

Analysis The exercising time it will take to burn off beer calories is determined directly from 


(a) Regular beer: 

, 150 Cal A ^ 1jll . 

Al 1 beer = = 0.2 14 h = 12.9 nun 

regular beer 7Q() Ca]/h 

( b ) Light beer: 

A 100 Cal „ ,, . 

Afijaht heer = = 0. 1 43 ll = 8.6 mill 

8 b e 700 Cal/h 
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4-109 A man and a woman have lunch at Burger King, and then shovel snow. The shoveling time it will take to burn off the 
lunch calories is to be determined for both. 

Assumptions The food intake during lunch is completely metabolized by the body. 

Properties The metabolizable energy contents of different foods are as given in the problem statement. Shoveling snow 
burns calories at a rate of 360 Cal/h for the woman and 480 Cal/h for the man (given). 

Analysis The total calories consumed during lunch and the time it will take to burn them are determined for both the man 
and woman as follows: 

Man : Lunch calories = 720+400+225 = 1345 Cal. 


Shoveling time: A^ shoveling 


1345 Cal 
480 Cal/h 


= 2.80 h 


Woman : Lunch calories = 330+400+0 = 730 Cal. 


Shoveling time: At shoveling> 


730 Cal 
360 Cal/h 


4-110 Two friends have identical metabolic rates and lead identical lives, except they have different lunches. The weight 
difference between these two friends in a year is to be determined. 

Assumptions 1 The diet and exercise habits of the people remain the same other than the lunch menus. 2 All the excess 
calories from the lunch are converted to body fat. 

Properties The metabolizable energy content of body fat is 33,100 Cal/kg (text). The metabolizable energy contents of 
different foods are given in problem statement. 

Analysis The person who has the double whopper sandwich consumes 1600 - 800 = 800 Cal more every day. The 
difference in calories consumed per year becomes 

Calorie consumption difference = (800 Cal/day)(365 days/year) = 292,000 Cal/year 

Therefore, assuming all the excess calories to be converted to body fat, the weight difference between the two persons after 
1 year will be 

4.1868 kJ 
1 Cal 

or about 80 pounds of body fat per year. 



Calorie intake difference A£’ intake 292,000 Cal/yr f 

Weight difference = = — 1J ^- = — 

Enegy content of fat e fat 33,100 kJ/kg v 
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4- 11 IE A person eats dinner at a fast-food restaurant. The time it will take for this person to burn off the dinner calories by 
climbing stairs is to be determined. 

Assumptions The food intake from dinner is completely metabolized by the body. 

Properties The metabolizable energy contents are 270 Cal for regular roast beef, 410 Cal for big roast beef, and 150 Cal for 
the drink. Climbing stairs burns calories at a rate of 400 Cal/h (given). 

Analysis The total calories consumed during dinner and the time it will take to burn them by climbing stairs are determined 
to be 


Dinner calories = 270+410+150 = 830 Cal. 


Stair climbing time: At 


830 Cal 
400 Cal/h 


2.08 h 


4-112 Three people have different lunches. The person who consumed the most calories from lunch is to be determined. 

Properties The metabolizable energy contents of different foods are 530 Cal for the Big Mac, 640 Cal for the whopper, 350 
Cal for french fries, and 5 Cal for each olive (given). 

Analysis The total calories consumed by each person during lunch are: 

Person 1: Lunch calories = 530 Cal 

Person 2: Lunch calories = 640 Cal 

Person 3: Lunch calories = 350+5x50 = 600 Cal 

Therefore, the person with the Whopper will consume the most calories. 


4-113 A 100-kg man decides to lose 10 kg by exercising without reducing his calorie intake. The number of days it will 
take for this man to lose 10 kg is to be determined. 

Assumptions 1 The diet and exercise habits of the person remain the same other than the new daily exercise program. 2 The 
entire calorie deficiency is met by burning body fat. 

Properties The metabolizable energy content of body fat is 33,100 Cal/kg (text). 

Analysis The energy consumed by an average 68-kg adult during fast-swimming, fast dancing, jogging, biking, and 
relaxing are 860, 600, 540, 639, and 72 Cal/h, respectively (Table 4-2). The daily energy consumption of this 100-kg man 
is 


[(860 + 600 + 540 + 639 Cal/h )(lh)+ (72 Cal/h X23 h} 


"l00 kg 
,68 kg 


Therefore, this person burns 6316-4000 = 2316 more Calories than he 


2316 Cal f 4.1868 kL 
33,100 kJ/kg ( 1 Cal , 


0.293 kg 


of body fat per day. Thus it will take only 


10 kg 
0.293 kg 


= 34.1 days 


A 


= 6316 Cal 

/ 

takes in, which corresponds to 


for this man to lose 10 kg. 
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4-114 The effect of supersizing in fast food restaurants on monthly weight gain is to be determined for a given case. 
Properties The metabolizable energy content of 1 kg of body fat is 33,100 kJ. 

Analysis The increase in the body fat mass due to extra 1000 calories is 


4-80 


= 


1000 Cal/day 


33,100 kJ/kg 


4.1868 kJ 
1 Cal 


(30 days/month) = 3.79 kg/month 


4-115E The range of healthy weight for adults is usually expressed in terms of the body mass index (BMI) in SI units as 
W( kg) 


BMI = 


inches. 


H 2 (m 2 ) 


. This formula is to be converted to English units such that the weight is in pounds and the height in 


Analysis Noting that 1 kg = 2.2 lbm and 1 m =39.37 in, the weight in lbm must be divided by 2.2 to convert it to kg, and the 
height in inches must be divided by 39.37 to convert it to m before inserting them into the formula. Therefore, 


BMI = 


mg) 

H 2 (m 2 ) 


W(\bm)!22 _ ?Qg W(lbm) 

// 2 (in 2 )/(39.37) 2 ~ H 2 ( in 2 ) 


Every person can calculate their own BMI using either SI or English units, and determine if it is in the healthy range. 
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4-116 A person changes his/her diet to lose weight. The time it will take for the body mass index (BMI) of the person to 
drop from 30 to 20 is to be determined. 

Assumptions The deficit in the calori intake is made up by burning body fat. 

Properties The metabolizable energy contents are 350 Cal for a slice of pizza and 87 Cal for a 200-ml regular cola. The 
metabolizable energy content of 1 kg of body fat is 33,100 kJ. 

Analysis The lunch calories before the diet is 

E o\a = 3 x e pizza + 2 x e coke = 3 x (350 Cal) + 2 x (87 Cal) = 1224 Cal 

The lunch calories after the diet is 

£ old = 2 x e . + 1 x e coke = 2 x (350 Cal) + 1 x (87 Cal) = 787 Cal 


The calorie reduction is 


deduction =1224 -787 = 437 Cal 
The corresponding reduction in the body fat mass is 

437 Cal ( 4.1868 kJ A 


"'fat = 


33,100 kJ/kg 


1 Cal 


= 0.05528 kg 


The weight of the person before and after the diet is 

W 1 = BMI] x A 2 pi ZZ a = 30 X (1.6 m) 2 =76.8 kg 
W 2 = BMI 2 x h 2 pi zz a = 20 x (1.6 m) 2 = 51.2 kg 

Then it will take 


Time = 


Wj-W 2 

"'fat 


(76.8 -51.2) kg 
0.05528 kg/day 


= 463 days 


for the BMI of this person to drop to 20. 
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Review Problems 


4-117 During a phase change, a constant pressure process becomes a constant temperature process. Hence, 


dh 


c p = 


dT 


T 


finite 

0 


= infinite 


and the specific heat at constant pressure has no meaning. The specific heat at constant volume does have a meaning since 


du 


c v = 


dT 


finite 

finite 


= finite 


4-118 Nitrogen is heated to experience a specified temperature change. The heat transfer is to be determined for two cases. 

Assumptions 1 Nitrogen is an ideal gas since it is at a high temperature and probably low pressure relative to its critical 
point values of 126.2 K and 3.39 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0.3 
Constant specific heats can be used for nitrogen. 

Properties The specific heats of nitrogen at the average temperature of (20+250)/2=135°C=408 K are c p = 1.045 kJ/kg-K 
and c v = 0.748 kJ/kg-K (Table A-2 b). 

Analysis We take the nitrogen as the system. This is a closed system since no mass crosses the boundaries of the system. 
The energy balance for a constant-volume process can be expressed as 

fin ~ ^out — system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Qin = AU = mc v (T 2 -7’,) 

The energy balance during a constant-pressure process (such as in a piston- 
cylinder device) can be expressed as 

F — F = a F 

pin ^out — ZAZZ/ system 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Q m -W h ' 0ut =AU 

Q m =W h , 0 *+AU 

Qm “ AH - me p (T 2 - T t ) 

since A U+ Wb = A H during a constant pressure quasi-equilibrium process. 

Substituting for both cases, 

£i„,i/=const =mc v (T 2 -?i) = (10 kg)(0.748 kJ/kg • K)(250 -20)K = 1720kJ 
<2 m , /-.const = mc p (T 2 -r i ) = (10 kg)(l .045 kJ/kg • K)(250 - 20)K = 2404 kJ 


N 2 

T, = 20°C 
r 2 =250°C 


Q 



Q 
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4-119 A classroom has 40 students, each dissipating 84 W of sensible heat. It is to be determined if it is necessary to turn 
the heater on in the room to avoid cooling of the room. 

Properties Each person is said to be losing sensible heat to the room air at a rate of 84 W. 

Analysis We take the room is losing heat to the outdoors at a rate of 


Gloss = (12,000 kJ/h 


lh 


= 3.33 kW 


3600 s 

/ 

The rate of sensible heat gain from the students is 

6 g ain = (84 W/student)(40 students) = 3360 W = 3.36 kW 
which is greater than the rate of heat loss from the room. Therefore, it is not necessary to turn the heater. 


4-120E An insulated rigid vessel contains air. A paddle wheel supplies work to the air. The work supplied and final 
temperature are to be determined. 

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of 
238.5 R and 547 psia. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0.3 Constant specific heats 

can be used for air. 


Properties The specific heats of air at room temperature are c p = 0.240 Btu/lbm-R and c v = 0. 171 Btu/lbm-R (Table A-2E a). 

Analysis We take the air as the system. This is a closed system since no mass crosses the boundaries of the system. The 
energy balance for this system can be expressed as 


fin £out system 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^pw.in =A U = mc v (T 2 -T x ) 

As the specific volume remains constant during this process, the ideal gas 
equation gives 

T 2 = T x A- = (520 R) 40 psia = 693.3 R = 233.3°F 
P x 30 psia 




Substituting, 

W pwin — mc w (T 2 -T x ) = (2 lbm)(0. 171 Btu/lbm • R)(693 .3 - 520)R = 59.3 Btu 
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4-121 Air at a given state is expanded polytropically in a piston-cylinder device to a specified pressure. The final 
temperature is to be determined. 


Analysis The polytropic relations for an ideal gas give 


T 2 = T \ 


f p \n-\/n 


K p i J 


= (300 + 273 K) 


80 kPa 
2000 kPa 


n0.5/1.5 


= 1 96 K = -77°C 



4-122 Nitrogen in a rigid vessel is heated. The work done and heat transfer are to be determined. 

Assumptions 1 Nitrogen is an ideal gas since it is at a high temperature and low pressure relative to its critical point values 
of 126.2 K and 3.39 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0.3 Constant specific 
heats at room temperature can be used for nitrogen. 

Properties For nitrogen, c„ = 0.743 kJ/kg-K at room temperature (Table A-2 a). 

Analysis We take the nitrogen as the system. This is a closed system since no mass crosses the boundaries of the system. 

The energy balance for this system can be expressed as 

fin ~ P out — system 

N et energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Q ia = AU = me v (T 2 -7i) 

There is no work done since the vessel is rigid: 

w = 0 kJ/kg 


Nitrogen 

100 kPa Q 

25°C 


Since the specific volume is constant during the process, the final temperature is determined from ideal gas equation to be 


r = T { — = (298 K) ^ QQ kPa 
P { lOOpsia 


= 894 K 


Substituting, 

q m = C{/ (T { -T 2 ) = (0.743 kJ/kg • K)(894 - 298)K = 442.8 kJ/kg 
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4-123 A well-insulated rigid vessel contains saturated liquid water. Electrical work is done on water. The final temperature 
is to be determined. 


Assumptions 1 The tank is stationary and thus the kinetic and potential energy changes are zero. 2 The thermal energy 
stored in the tank itself is negligible. 

Analysis We take the contents of the tank as the system. This is a closed system since no mass enters or leaves. The energy 
balance for this stationary closed system can be expressed as 


fin ^out system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

W e ,in =AU = m(u 2 -M, ) 


The amount of electrical work added during 30 minutes period is 


W ein = YIAt = (50 V)(10 A)(30x60 s) 


^ 1 W A 
1VA 


- 900,000 J - 900 kJ 


The properties at the initial state are (Table A-4) 
= u j' @ 4 o°c = 167.53 kJ/kg 

tq = i/ / . @ 40 o C = 0.001008 m 3 /kg.. 



Substituting, 


- m(u 2 -M|) 


W • 900 kT 

-> u 2 = i/j + — = 167.53 kJ/kg + — = 467.53 kJ/kg 


m 


3 kg 


The final state is compressed liquid. Noting that the specific volume is constant during the process, the final temperature is 
determined using EES to be 


u 2 =467.53 kJ/kg 

t/ 2 = V\ = 0.001008 m 3 /kg 


T 2 = 118.9°C (from EES) 


Discussion We cannot find this temperature directly from steam tables at the end of the book. Approximating the final 
compressed liquid state as saturated liquid at the given internal energy, the final temperature is determined from Table A-4 
to be 


^2 — ^sat@ u =467.53 kJ/kg 111.5 C 

Note that this approximation resulted in an answer, which is not very close to the exact answer determined using EES. 
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4-124 The boundary work expression during a polytropic process of an ideal gas is to be derived. 
Assumptions The process is quasi-equilibrium. 

Analysis For a polytropic process, 

P X V\ = P 2 v 2 = Constant 

Substituting this into the boundary work expression gives 

? ? 

P,i/i 


w 


b, out 


= f Pdv = p x W f v~ n d V = -^(A~ n - P " ) 

J J 1 - n 




1 -a? 


CA 


t/, 


1 - n 
RP 


2 ''l 

(•TX -1 -1) 


^ 1^1 1 


1-/2 


/ A 

C/o 




-l 


When the specific volume ratio is eliminated with the expression for the constant, 


RP 


w 


b, out 


1-/2 


/p A («-!)/« 


v p i y 


-l 


where /2 ^ 1 
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4-125 A cylinder equipped with an external spring is initially filled with air at a specified state. Heat is transferred to the 
air, and both the temperature and pressure rise. The total boundary work done by the air, and the amount of work done 
against the spring are to be determined, and the process is to be shown on a P- v diagram. 

Assumptions 1 The process is quasi-equilibrium. 2 The spring is a linear spring. 

Analysis ( a ) The pressure of the gas changes linearly with volume during this process, and thus the process curve on a P- i/ 
diagram will be a straight line. Then the boundary work during this process is simply the area under the process curve, 
which is a trapezoidal. Thus, 


fF b , out = Area = ^^(c/ 2 _(/ 1 ) 

= (100 + 800)kP a at 1U i 

2 ^lkPa-n^J 

= 135 kj 


(b) If there were no spring, we would have a constant pressure 
process at P = 100 kPa. The work done during this process is 


W\ 


b, out, no spring 


= JW = p(t/ 2 - 1/, ) 

= (100 kPaXo.45 - 0.15>n 3 /kg 
= 30 kJ 


lkJ 

1 kPa • m 


Air 

100 kPa 


0.15 m 3 


Q 


p 

(kPa) A 



Thus, 


W c 


spring 


= w b - w bt 


no spring 


= 135 -30 = 105 kj 


> 1/ 

0.15 0.45 (m 3 ) 
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4-126 A cylinder equipped with a set of stops for the piston is initially filled with saturated liquid-vapor mixture of water a 
specified pressure. Heat is transferred to the water until the volume increases by 20%. The initial and final temperature, the 
mass of the liquid when the piston starts moving, and the work done during the process are to be determined, and the 
process is to be shown on a P-v diagram. 

Assumptions The process is quasi-equilibrium. 

Analysis {a) Initially the system is a saturated mixture at 125 kPa pressure, and thus the initial temperature is 


= Lt@,25 kPa = 106.0°C 


The total initial volume is 

l/j = m f v j + m g v g = 2 x 0.001048 + 3x1.3750 = 4.127 m 
Then the total and specific volumes at the final state are 

l/ 3 =1.2^ =1.2x4. 127 = 4.953 m 3 
14 4.953 m 3 


</ 3 = 


m 


5 kg 


= 0.9905 m /kg 


Thus, 


P 3 =300 kPa 
v 3 = 0.9905 m 3 /kg 


7/ = 373.6°C 


( b ) When the piston first starts moving, P 2 = 300 kPa and H — 4.127 m 3 . 
The specific volume at this state is 

Vn=^-= 4,127 m = 0.8254 m 3 /kg 


m 


5 kg 




which is greater than i/ g = 0.60582 m 3 /kg at 300 kPa. Thus no liquid is left in the cylinder when the piston starts moving. 


(c) No work is done during process 1-2 since The pressure remains constant during process 2-3 and the work done 

during this process is 



J PdV = P 2 (V 3 -C/ 2 ) = (300 kPa)(4.953-4.127)m 


lkJ 

1 kPa-m 


247.6 kj 
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4-127E A spherical balloon is initially filled with air at a specified state. The pressure inside is proportional to the square 
of the diameter. Heat is transferred to the air until the volume doubles. The work done is to be determined. 

Assumptions 1 Air is an ideal gas. 2 The process is quasi-equilibrium. 

Properties The gas constant of air is R = 0.06855 Btu/lbm.R (Table A- IE). 

Analysis The dependence of pressure on volume can be expressed as 



= — mR(T 2 -7j) = — (7 lbm)(0. 06855 Btu/lbm • R)(1905 - 600 )R 
5 5 

= 376 Btu 
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4-128E 



Problem 4-127E is reconsidered. Using the integration feature, the work done is to be determined and 


compared to the 'hand calculated' result. 

Analysis The problem is solved using EES, and the solution is given below. 


N=2 

m=7 [Ibm] 

P_1=30 [psia] 

T_1 =600 [R] 

V_2=2*V_1 

R=R_u/molarmass(air) 

R_u=1 545 [ft-lbf/lbmol-R] 

P_1 *Convert(psia,lbf/ft A 2)*V_1 =m*R*T_1 

V 1 =4*pi*(D 1/2) A 3/3 

C=P_1/D_1 A N 

(D_1/D_2) A 3=V_1/V_2 

P_2=C*D_2 A N 

P_2*Convert(psia,lbf/ft A 2)*V_2=m*R*T_2 

P=C*D A N*Convert(psia,lbf/ft A 2) 

V=4*pi*(D/2) A 3/3 

W_boundary_EES=integral(P,V,V_1 ,V_2)*convert(ft-lbf,Btu) 

W_boundary_HAND=pi*C/(2*(N+3))*(D_2 A (N+3)-D_1 A (N+3))*convert(ft-lbf,Btu)*convert(ft A 2,in A 2) 



N 

^boundary 

[Btu] 

0 

287.9 

0.3333 

300.6 

0.6667 

314 

1 

328.1 

1.333 

343.1 

1.667 

358.9 

2 

375.6 

2.333 

393.3 

2.667 

412 

3 

431.8 
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4-129 A cylinder is initially filled with saturated R-134a vapor at a specified pressure. The refrigerant is heated both 
electrically and by heat transfer at constant pressure for 6 min. The electric current is to be determined, and the process is to 
be shown on a T-v diagram. 

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are negligible. 2 The thermal 
energy stored in the cylinder itself and the wires is negligible. 3 The compression or expansion process is quasi- 
equilibrium. 


Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 


fin gput ^^system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

fin + K,n ~ W h , out = A U (since Q = KE = PE = 0) 
Q\n +W cM = m(h 2 - h t ) 

Qin + (V/Af ) = m(h 2 - J\) 


since A U+ W\> = A H during a constant pressure quasi-equilibrium 
process. The properties of R- 134a are (Tables A-l 1 through A- 13) 


P x = 240 kPa 
sat. vapor 
P 2 = 240 kPa 
T x = 70°C 


| K - fi@240kPa ~ 247.28 kJ/kg 
>h 2 =3 14.51 kJ/kg 


R-134a 
P= const. 



Substituting, 


> v 


300,000 VAs + (l 10 V)(/)(6x60 s)= (l2 kg)(3 14.51 -247. 28)kJ/kg 


1000 VA 
1 kJ/s 


\ 


j 


/ = 12.8 A 
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4-130 Saturated water vapor contained in a spring-loaded piston-cylinder device is condensed until it is saturated liquid at 
a specified temperature. The heat transfer is to be determined. 

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved other than the boundary work. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 


fin Aifi stem 

N et energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

W h m - Q out =AU = m(u 2 - u | ) (since KE = PE = 0) 

Qou t = W b , in - ™{u 2 - U \ ) 

<7 out = W b,in -(«2 ~ u \) 

The properties at the initial and final states are (Table A-4), 

P\ ~ ^sat@200°c =1555 kPa 

u \ ={/ g @2 oo°c =0.1272 m 3 /kg 
u \ =u g@ 200 °c = 2594.2 kJ/kg 



^2 _ ^sat@50°c - 12.35 kPa 
i/ 2 = u f@ 50 °c = 0.001012 m 3 /kg 
U-2 —U y @5o°c ~ 209.33 kJ/kg 

Since this is a linear process, the work done is equal to the area under the process line 1-2: 


= Area = 


^ 1+^2 

2 


(</ 2 - i / j ) 


(1555 + 12.35)kPa (00Q1012 _ 0 1272m3/kg) 


lkJ 


lkPa-m 3 


= -98.9 kJ/kg 


Thus, 

w bM =98.9 kJ/kg 

Substituting into energy balance equation gives 

<7out =w b ,in ~ (y 2 -Mj) = 98.9 kJ/kg -(209.33 -2594.2) kJ/kg =2484 kJ/kg 
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4-131 A cylinder is initially filled with helium gas at a specified state. Helium is compressed polytropically to a specified 
temperature and pressure. The heat transfer during the process is to be determined. 


Assumptions 1 Helium is an ideal gas with constant specific heats. 2 The cylinder is stationary and thus the kinetic and 
potential energy changes are negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The compression 
or expansion process is quasi-equilibrium. 

Properties The gas constant of helium is R = 2.0769 kPa.mVkg.K (Table A-l). Also, c v = 3.1 156 kJ/kg.K (Table A-2). 


Analysis The mass of helium and the exponent n are determined to be 

P,C/, (l 50 kPafo.5 m 3 


m = 


m 


, , V = 0. 123 kg 

RT X (2.0769 kPa • m 3 /kg • Kj(293 K) 

T,P, 413 K 150 kPa 


Pi" 2 


RT X RT 2 


= w 


-2 1 \ , nlJ 1V 1 ^v> IV i a 3 

> (A = -l/, = x x 0.5 m 


T\P 2 


293 K 400 kPa 


( p '] 
r 2 


r 

UJ 


AJ 


400 

150 


0.5 

0.264 


\ n 


= 0.264 m 


-> n = 1.536 



e 


Then the boundary work for this polytropic process can be determined from 

2 m ~PV\ _ mR(T 2 -T x ) 

1 — n 1 — n 

(0.123 kg)(2.0769 kJ/kg • K)(413 - 293)K 


W hM = -[PdV = 


1-1.536 


= 57.2 kJ 


We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. Taking the 
direction of heat transfer to be to the cylinder, the energy balance for this stationary closed system can be expressed as 

^in — -^out — ^^system 

V v J v V ' 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Qin + W b, in = A U = m(u 2 -U l ) 

Qm =m(u 2 -u x )-W bM 
= mc v (T 2 -T l )-W bM 

Substituting, 

Q m = (0.123 kg)(3.1 156 kJ/kg-K)(413 - 293)K - (57.2 kJ) = -11.2 kJ 
The negative sign indicates that heat is lost from the system. 
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4-132 Nitrogen gas is expanded in a polytropic process. The work done and the heat transfer are to be determined. 

Assumptions 1 Nitrogen is an ideal gas since it is at a high temperature and low pressure relative to its critical point values 
of 126.2 K and 3.39 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0.3 Constant specific 

heats can be used. 


Properties The properties of nitrogen are R = 0.2968 kJ/kg-K and c v = 0.743 kJ/kg-K (Table A-2 a). 


Analysis We take nitrogen in the cylinder as the system. This is a 
closed system since no mass crosses the boundaries of the system. 
The energy balance for this system can be expressed as 

^in — ^out = ^'system 

v v 7 v v ' 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Qrn - W hxm = At/ = me v (T 2 - T x ) 



Q 


Using the boundary work relation for the polytropic process of an ideal gas gives 


RT 


w 


/>, out 


1 - n 


r A (n-\)/n 

l't 


\ P \ J 


-1 


(0.2968 kJ/kg -K)(l 200 K) 


1-1.45 


120 

2000 


\ 0.45/1.45 


-1 


404.1 kJ/kg 


The temperature at the final state is 


T 2 =T\ 


Pi 

yPu 


(n-\ )/n 


= (1200 K) 


200 kPa 
2000 kPa 


\ 0.45/1.45 


= 587.3 K 


Substituting into the energy balance equation, 

q in = w hout + (T 2 -T x ) = 404.1 kJ/kg + (0.743 kJ/kg • K)(587.3 - 1200)K = -51 .1 kJ/kg 

The negative sign indicates that heat is lost from the device. That is, 

q out =51.1 kJ/kg 


4-133 A cylinder and a rigid tank initially contain the same amount of an ideal gas at the same state. The temperature of 
both systems is to be raised by the same amount. The amount of extra heat that must be transferred to the cylinder is to be 
determined. 


Analysis In the absence of any work interactions, other than the boundary work, the A H and A U represent the heat transfer 
for ideal gases for constant pressure and constant volume processes, respectively. Thus the extra heat that must be supplied 
to the air maintained at constant pressure is 


6in, extra = A// - A U - me p AT - mc v AT = m(c p - c v )AT = mRAT 


p 


where 

R = A. = 8-314 kJ/kmol-K _ Q 3326 kJ/kg . K 
M 25kg/kmol 

Substituting, 

g in , extra = (12 kg)(0.3326 kJ/kg- K)( 15 K) = 59.9 kj 


IDEAL 

GAS 

{/= const. 


IDEAL 

GAS 

P = const. 
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4-134 The heating of a passive solar house at night is to be assisted by solar heated water. The length of time that the 
electric heating system would run that night with or without solar heating are to be determined. 

Assumptions 1 Water is an incompressible substance with constant specific heats. 2 The energy stored in the glass 
containers themselves is negligible relative to the energy stored in water. 3 The house is maintained at 22°C at all times. 


Properties The density and specific heat of water at room temperature are p = 1 kg/L and c = 4. 18 kJ/kg-°C (Table A-3). 


Analysis (a) The total mass of water is 

m w = pV = (l kg/LX50 x 20 L) = 1000 kg 

Taking the contents of the house, including the water as our system, the 
energy balance relation can be written as 

^in ~ -^out — ^^system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Km - Qo Ut = A u = (At/) water + (At/)* 

= (At/) water = mC (T 2 -7|) water 


or, 


50,000 kJ/h 



K,in A t-Q 


out 


[mc(T 2 -7;)] water 


Substituting, 

(15 kJ/s)A* - (50,000 kJ/h)(10 h) = (1000 kg)(4.18 kJ/kg-°C)(22 - 80)°C 

It gives 

A t= 17,170 s = 4.77 h 

(b) If the house incorporated no solar heating, the energy balance relation above would simplify further to 

W eM At-Q out =0 


Substituting, 

(15 kJ/s)A* - (50,000 kJ/h)(10 h) = 0 

It gives 

At = 33,333 s = 9.26 h 
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4-135 An electric resistance heater is immersed in water. The time it will take for the electric heater to raise the water 
temperature to a specified temperature is to be determined. 

Assumptions 1 Water is an incompressible substance with constant specific heats. 2 The energy stored in the container 
itself and the heater is negligible. 3 Heat loss from the container is negligible. 

Properties The specific heat of water at room temperature is c = 4. 18 kJ/kg-°C (Table A-3). 

Analysis Taking the water in the container as the system, the energy balance can be expressed as 

~ -^out — ^^system 

' v T " — v — ' 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Km = (Atwater 
^c,ir|Af = mc ( r 2 — O water 

Substituting, 

(1800 J/s)At = (40 kg)(4180 J/kg-°C)(80 - 20)°C 
Solving for At gives 

At = 5573 s = 92.9 min = 1.55 h 



4-136 One ton of liquid water at 50°C is brought into a room. The final equilibrium temperature in the room is to be 
determined. 

Assumptions 1 The room is well insulated and well sealed. 2 The thermal properties of water and air are constant. 

Properties The gas constant of air is R = 0.287 kPa.m 3 /kg.K (Table A-l). The specific heat of water at room temperature is 
c = 4.18 kJ/kg-°C (Table A-3). 

Analysis The volume and the mass of the air in the room are 


(/= 4x5x6= 120 m 3 


™air = 


m 


_ — (^420 m , — 137 . 9tg 

RT X (0.2870 kPa-m 3 /kg-Kj(288 K) 


Taking the contents of the room, including the water, as our system, the 
energy balance can be written as 


^in ^out 


A E 


system 


Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


0 = AU = (At/) water + (At/) air 


4mx5mx6m 

ROOM 
15°C 
95 kPa 

^ Heat 


Water 

50°C 


or 


[mc(r 2 - 7] )] water + [iiicJt 2 -7;)] air = 0 


Substituting, 

(1000 kg)(4.18 kJ/kg • °C)(T f - 50)°C + (137.9 kg)(0.718 kJ/kg • °C)(T f - 15)°C = 0 


It gives 

T f = 49.2°C 

where 7/ is the final equilibrium temperature in the room. 
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4-137 A room is to be heated by 1 ton of hot water contained in a tank placed in the room. The minimum initial temperature 
of the water is to be determined if it to meet the heating requirements of this room for a 24-h period. 

Assumptions 1 Water is an incompressible substance with constant specific heats. 2 Air is an ideal gas with constant 
specific heats. 3 The energy stored in the container itself is negligible relative to the energy stored in water. 4 The room is 
maintained at 20°C at all times. 5 The hot water is to meet the heating requirements of this room for a 24-h period. 

Properties The specific heat of water at room temperature is c = 4.18 kJ/kg-°C (Table A-3). 

Analysis Heat loss from the room during a 24-h period is 

gloss = (8000 kJ/h)(24 h) = 192,000 kJ 

8000 kJ/h 

Taking the contents of the room, including the water, as our system, 
the energy balance can be written as 

fin ~ ^out — system 

N et energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

-e ou t=A^ = (A^) water+ (At/) ai /° 
or 

"gout \mc(T 2 - 70] 

water 

Substituting, 

-192,000 kJ = (1000 kg)(4.18 kJ/kg-°C)(20 - T x ) 

It gives 

T x = 65.9°C 

where T\ is the temperature of the water when it is first brought into the room. 
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4-138 A sample of a food is burned in a bomb calorimeter, and the water temperature rises by 3.2°C when equilibrium is 
established. The energy content of the food is to be determined. 

Assumptions 1 Water is an incompressible substance with constant specific heats. 2 Air is an ideal gas with constant 
specific heats. 3 The energy stored in the reaction chamber is negligible relative to the energy stored in water. 4 The energy 
supplied by the mixer is negligible. 

Properties The specific heat of water at room temperature is c = 4.18 kJ/kg-°C (Table A-3). The constant volume specific 
heat of air at room temperature is = 0.718 kJ/kg-°C (Table A-2). 

Analysis The chemical energy released during the combustion of the sample is transferred to the water as heat. Therefore, 
disregarding the change in the sensible energy of the reaction chamber, the energy content of the food is simply the heat 
transferred to the water. Taking the water as our system, the energy balance can be written as 


fin lout '^'system — ^ fin 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


or 

Qin =( A ^)water = [ WC (C “ T \ )] water 


Substituting, 

Q m = (3 kg)(4.18 kJ/kg-°C)(3.2°C) = 40.13 kJ 
for a 2-g sample. Then the energy content of the food per unit mass is 


40.13 kJ 


2g 


1000 g 

lkg 


= 20,060 kj/kg 


Water 

Reaction 

chamber 

Food 

AT = 3.2°C 


To make a rough estimate of the error involved in neglecting the thermal energy stored in the reaction chamber, we treat the 
entire mass within the chamber as air and determine the change in sensible internal energy: 

(At/)chamber - C )] chamber = (0. 102 kgfo.71 8 kJ/kg-° cf.2 0 c)= 0.23 kJ 

which is less than 1% of the internal energy change of water. Therefore, it is reasonable to disregard the change in the 
sensible energy content of the reaction chamber in the analysis. 
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4-139 A man drinks one liter of cold water at 3°C in an effort to cool down. The drop in the average body temperature of 
the person under the influence of this cold water is to be determined. 

Assumptions 1 Thermal properties of the body and water are constant. 2 The effect of metabolic heat generation and the 
heat loss from the body during that time period are negligible. 

Properties The density of water is very nearly 1 kg/L, and the specific heat of water at room temperature is c = 4. 18 
kJ/kg-°C (Table A-3). The average specific heat of human body is given to be 3.6 kJ/kg.°C. 

Analysis. The mass of the water is 

m w = pV = (l kg/L)(l L) = 1 kg 

We take the man and the water as our system, and disregard any heat and mass transfer and chemical reactions. Of course 
these assumptions may be acceptable only for very short time periods, such as the time it takes to drink the water. Then the 
energy balance can be written as 

^in — -^out = ^system 

V V ' V V ' 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

0 = At/ = A U hody + A t/ water 

or Me - 7’, )] body + Me - e )] water = o 

Substituting (68 kg)(3.6 kJ/kg-°C)(7} - 39)°C + (1 kg)(4.1 8 kJ/kg-° C)(T f - 3)°C = 0 
It gives 

7}=38.4°C 

Then 



AT=39 - 38.4 = 0.6°C 

Therefore, the average body temperature of this person should drop about half a degree Celsius. 
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4-140 A 0.3-L glass of water at 20°C is to be cooled with ice to 5°C. The amount of ice or cold water that needs to be added 
to the water is to be determined. 


Assumptions 1 Thermal properties of the ice and water are constant. 2 Heat transfer to the glass is negligible. 3 There is no 
stirring by hand or a mechanical device (it will add energy). 

Properties The density of water is 1 kg/L, and the specific heat of water at room temperature is c = 4.18 kJ/kg*°C (Table 
A-3). The specific heat of ice at about 0°C is c = 2.1 1 kJ/kg-°C (Table A-3). The melting temperature and the heat of 
fusion of ice at 1 atm are 0°C and 333.7 kJ/kg,. 


Analysis {a) The mass of the water is 

m w =/?(/ = (1 kg/L)(0.3 L) = 0.3 kg 

We take the ice and the water as our system, and disregard any heat and mass 
transfer. This is a reasonable assumption since the time period of the process 
is very short. Then the energy balance can be written as 

^in — -^out — '^'system 

' v ' v V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

0 = A U 

0 = A ^ice + A Cvater 



[mc(0 o C-T ] ) sond +mh f +mc(T 2 -0°C) liquid ] ice +[mc(T 2 -7\)] water = 0 

Noting that T } ice = 0°C and T 2 = 5° C and substituting gives 

m [ 0 + 333.7 kJ/kg + (4.18 kJ/kg- °C)(5-0)°C] + (0.3 kg)(4.18 kJ/kg* °C)(5-20)°C = 0 
m = 0.0546 kg = 54.6 g 

(b) When T\ ice = -20° C instead of 0°C, substituting gives 

zw[(2.1 1 kJ/kg-°C)[0-(-20)]°C + 333.7 kJ/kg + (4.18 kJ/kg- °C)(5-0)°C] 

+ (0.3 kg)(4.18 kJ/kg- °C)(5-20)°C = 0 

m = 0.0487 kg = 48.7 g 

Cooling with cold water can be handled the same way. All we need to do is replace the terms for ice by a term for cold 
water at 0°C: 

(AC/) 

coldwater + (M/) 

water ^ 

MC ~ T \ Lldwater + i mC ( T 2 ~ T \ Later = 0 
Substituting, 

[^coldwater (4.18 kJ/kg-°C)(5 - 0)°C] + (0.3 kg)(4.18 kJ/kg- °C)(5-20)°C = 0 

It gives 

m = 0.9 kg = 900 g 

Discussion Note that this is about 16 times the amount of ice needed, and it explains why we use ice instead of water to 
cool drinks. Also, the temperature of ice does not seem to make a significant difference. 
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4-141 Problem 4-140 is reconsidered. The effect of the initial temperature of the ice on the final mass of ice required 

as the ice temperature varies from -26°C to 0°C is to be investigated. The mass of ice is to be plotted against the initial 
temperature of ice. 

Analysis The problem is solved using EES, and the solution is given below. 


"Knowns" 

rho_water = 1 [kg/L] 

V = 0.3 [L] 

T_1_ice = 0 [C] 

T_1 = 20 [C] 

T_2 = 5 [C] 

CJce = 2.1 1 [kJ/kg-C] 

C_water = 4.18 [kJ/kg-C] 
hjf = 333.7 [kJ/kg] 

T_1_Co Id Water = 0 [C] 

m_water = rho_water*V "[kg]" "The mass of the water" 

"The system is the water plus the ice. Assume a short time period and neglect 
any heat and mass transfer. The energy balance becomes:" 

EJn - E_out = DELTAEsys "[kJ]" 

EJn = 0 "[kJ]" 

E_out = 0"[kJ]" 

DELTAE_sys = DELTAU_water+DELTAU_ice"[kJ]" 

DELTAU_water = m_water*C_water*(T_2 - T_1)"[kJ]" 

DELTAUJce = DELTAU_solid_ice+DELTAU_melted_ice"[kJ]" 

DELTAU_solid_ice =m_ice*C_ice*(0-T_1_ice) + m_ice*h_if"[kJ]" 
DELTAU_melted_ice=m_ice*C_water*(T_2 - 0)"[kJ]" 
m_ice_grams=m_ice*convert(kg,g)"[g]" 

"Cooling with Cold Water:" 

DELTAE_sys = DELTAU_water+DELTAU_ColdWater"[kJ]" 

DELTAU_water = m_water*C_water*(T_2_ColdWater - T_1)"[kJ]" 

DELTAU_ColdWater = m_ColdWater*C_water*(T_2_ColdWater - T_1_ColdWater)"[kJ]" 
m_ColdWater_grams=m_ColdWater*convert(kg,g)"[g]" 


Tljce 

[C] 

mice, grams 

M 

-26 

45.94 

-24 

46.42 

-22 

46.91 

-20 

47.4 

-18 

47.91 

-16 

48.43 

-14 

48.97 

-12 

49.51 

-10 

50.07 

-8 

50.64 

-6 

51.22 

-4 

51.81 

-2 

52.42 

0 

53.05 
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4-142 A rigid tank filled with air is connected to a cylinder with zero clearance. The valve is opened, and air is 
allowed to flow into the cylinder. The temperature is maintained at 30°C at all times. The amount of heat transfer with 
the surroundings is to be determined. 

Assumptions 1 Air is an ideal gas. 2 The kinetic and potential energy changes are negligible, A ke = Ape = 0.3 There are 
no work interactions involved other than the boundary work. 

Properties The gas constant of air is R = 0.287 kPa.m 3 /kg.K (Table A-l). 


Analysis We take the entire air in the tank and the cylinder to 
be the system. This is a closed system since no mass crosses 
the boundary of the system. The energy balance for this closed 
system can be expressed as 

E'm ~ gput — ^^system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Gin - ^b, out = AU = m ( U 2 “ «l) = 0 
Gin — 0b, out 

since u = u(T) for ideal gases, and thus u 2 = u\ when T\ = T 2 . The 
initial volume of air is 



m m 


T, T, 


^ ^ 400kPa 

P, Ti 200 kPa 


x 1 x (0.4 m 3 ) = 0.80 m 3 


1 1 2 L 2 M 

The pressure at the piston face always remains constant at 200 kPa. Thus the boundary work done during this process is 

2 


W bmt = J PdV = PoJVi - K) = (200 kPa)(0.8 - 0.4)m : 


A lkJ A 


1 kPa • m 3 

V 

Therefore, the heat transfer is determined from the energy balance to be 

0b,out =Gin =*0kj 


= 80 kJ 


/ 
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4-143 A well-insulated room is heated by a steam radiator, and the warm air is distributed by a fan. The average 
temperature in the room after 30 min is to be determined. 

Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 The kinetic and potential energy 
changes are negligible. 3 The air pressure in the room remains constant and thus the air expands as it is heated, and some 
warm air escapes. 

Properties The gas constant of air is R = 0.287 kPa.m 3 /kg.K (Table A-l). Also, c p = 1.005 kJ/kg.K for air at room 
temperature (Table A-2). 

Analysis We first take the radiator as the system. This is a closed system since no mass enters or leaves. The energy 
balance for this closed system can be expressed as 

-^in — ^out — ^^system 

V v ' ' V ' 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

- Q out = A U = m(u 2 - u x ) (since W = KE = PE = 0) 
fimt = ™(«1 — « 2 ) 

Using data from the steam tables (Tables A-4 through A-6), some 
properties are determined to be 

Pi =200 kPa j i/j = 1.08049 m 3 /kg 
T x = 200°C j U] = 2654.6 kJ/kg 

P 2 = 100 kPa 1 «/y =0.001043, i/, = 1.6941 m 3 /kg 
(t/ 2 = v x ) J u f =417.40, u fg = 2088.2 kJ/kg 



v 2~ v f 1.08049-0.001043 

x 2 = — = = 0.6376 

u fg 1.6941-0.001043 

u 2 = u f +x 2 u /g = 417.40 + 0.6376x2088.2 = 1748.7 kJ/kg 


t/, 0.015 m 3 

m = — = 

1.08049 m 3 /kg 


0.0139 kg 


Substituting, Q oat = (0.0139 kg)( 2654.6 - 1748.7)kJ/kg = 12.58 kJ 
The volume and the mass of the air in the room are (/= 4x4x5 = 80m and 

.M. r qoo kPa)(eo _ 985 

air RT X (0.2870 kPa • m 3 /kg • k|283 k) 

The amount of fan work done in 30 min is 


W fanin = W ian;m At = (0.120kJ/s)(30x60s) = 216kJ 

We now take the air in the room as the system. The energy balance for this closed system is expressed as 

^in — ^out — ^^'system 
fin + ^fan,in “ ^b,out = 

Qm + ^fan,in = AH’ = mC p (T 2 ~ T { ) 

since the boundary work and A U combine into AH for a constant pressure expansion or compression process. It can also be 
expressed as 

(Qm + +an,in W = ™C p m% {T 2 - Zj) 

Substituting, (12.58 kJ) + (216 kJ) = (98.5 kg)(1.005 kJ/kg°C)(r 2 - 10)°C 
which yields 

T 2 = 12.3°C 

Therefore, the air temperature in the room rises from 10°C to 12.3°C in 30 min. 
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4-144 An insulated cylinder is divided into two parts. One side of the cylinder contains N 2 gas and the other side contains 
He gas at different states. The final equilibrium temperature in the cylinder when thermal equilibrium is established is to be 
determined for the cases of the piston being fixed and moving freely. 


Assumptions 1 Both N 2 and He are ideal gases with constant specific heats. 2 The energy stored in the container itself is 
negligible. 3 The cylinder is well-insulated and thus heat transfer is negligible. 

Properties The gas constants and the constant volume specific heats are R = 0.2968 kPa.m/kg.K is c v = 0.743 kJ/kg-°C for 
N 2 , and R = 2.0769 kPa.mVkg.K is c„= 3.1 156 kJ/kg-°C for He (Tables A- 1 and A-2) 


Analysis The mass of each gas in the cylinder is 


m N, = 


™He = 




KT, 


i J 


N- 


(500 kPa(l m 


0.2968 kPa • m 3 /kg • Kl(393 K) 


= 4.287 kg 


m 


(500 kPa)(l m 


RT X J He (2.0769 kPa-m 3 /kg- K 13 13 K) 


= 0.7691 kg 


n 2 


He 

1 m 3 


1 m 3 

500 kPa 


500 kPa 

120°C 


40°C 


Taking the entire contents of the cylinder as our system, the 1st law relation can be written as 


^in ^out ^^system 

V ' r ' 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

0 = A U = (AU) N2 + (A C/) He 
0 = [mc v (T 2 -71)] N2 + \mc u (T 2 - T t )] Hc 

Substituting, 

(4.287 kgXO.743 kj/kg • °C)(7’ / -120XC + (0.7691 kgX3.1156 kJ/kg-^Xc -40^0 = 0 


It gives 

T f = 85.7°C 

where Tf is the final equilibrium temperature in the cylinder. 

The answer would be the same if the piston were not free to move since it would effect only pressure, and not the 
specific heats. 

Discussion Using the relation P {/= NR U T ’, it can be shown that the total number of moles in the cylinder is 0. 153 + 0. 192 = 
0.345 kmol, and the final pressure is 515 kPa. 
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4-145 An insulated cylinder is divided into two parts. One side of the cylinder contains N 2 gas and the other side contains 
He gas at different states. The final equilibrium temperature in the cylinder when thermal equilibrium is established is to be 
determined for the cases of the piston being fixed and moving freely. 

Assumptions 1 Both N 2 and He are ideal gases with constant specific heats. 2 The energy stored in the container itself, 
except the piston, is negligible. 3 The cylinder is well-insulated and thus heat transfer is negligible. 4 Initially, the piston is 
at the average temperature of the two gases. 

Properties The gas constants and the constant volume specific heats are R = 0.2968 kPa.m /kg.K is c v = 0.743 kJ/kg-°C for 
N 2 , and R = 2.0769 kPa.mVkg.K is =3.1 156 kJ/kg-°C for He (Tables A-l and A-2). The specific heat of copper piston 
is c = 0.386 kJ/kg-°C (Table A-3). 


Analysis The mass of each gas in the cylinder is 


m N, = 


m He = 




RT , 


1 7n 


(500 kPa(l m 


0.2968 kPa • m 3 /kg • K 1(393 K) 


= 4.287 kg 


m 


(500 kPa)(l m 


RT\ J Hc (2.0769 kPa-m 3 /kg- K (313 K) 


= 0.7691 kg 



Taking the entire contents of the cylinder as our system, the 1st law 
relation can be written as 


' Copper 


^in V ^^system 

' v ' , V V ' 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

0 = At/ = (AC/) N2 + (A t/) He + (aU) Cu 
0 = \mc l/ (T 2 -T t )] Ki +[mc v (T 2 -T l )] He +[mc(T 2 -T l )] Cu 

where 

r 1 ,cu = (120+40)/2 = 80°C 

Substituting, 

(4.287 kg)(o.743 kJ/kg-°C \r f -12o)°C + (0.7691 kg)(3.1156 kJ/kg-°C f/y -4o)"C 

+ (8 kg)(o.386 kJ/kg^cfy -8o)°C = 0 


It gives 

T f = 83.7°C 

where 7} is the final equilibrium temperature in the cylinder. 

The answer would be the same if the piston were not free to move since it would effect only pressure, and not the 
specific heats. 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 




4-106 



4-146 Problem 4-145 is reconsidered. The effect of the mass of the copper piston on the final equilibrium 

temperature as the mass of piston varies from 1 kg to 10 kg is to be investigated. The final temperature is to be plotted 
against the mass of piston. 

Analysis The problem is solved using EES, and the solution is given below. 


"Knowns:" 

R_u=8.314 [kJ/kmol-K] 

V N2[1 ]=1 [m A 3] 

Cv_N2=0.743 [kJ/kg-K] "From Table A-2(a) at 27C" 

R_N2=0.2968 [kJ/kg-K] "From Table A-2(a)” 

T„N2[1]=120 [C] 

P„N2[1]=500 [kPa] 

V_He[1]=1 [m A 3] 

CvJHe=3.1 1 56 [kJ/kg-K] From Table A-2(a) at 27C” 

T_He[1]=40 [C] 

P_He[1]=500 [kPa] 

R_He=2.0769 [kJ/kg-K] "From Table A-2(a)” 
m_Pist=8 [kg] 

Cv_Pist=0.386 [kJ/kg-K] "Use Cp for Copper from Table A-3(b) at 27C" 

"Solution:" 

"mass calculations:" 

P_N2[1 ]*V_N2[1 ]=m_N2*R_N2*(T_N2[1 ]+273) 

P_He[1 ]*V_He[1 ]=m_He*R_He*(T_He[1 ]+273) 

"The entire cylinder is considered to be a closed system, neglecting the piston." 

"Conservation of Energy for the closed system:" 

"EJn - E_out = DELTAE_negPist, we neglect DELTA KE and DELTA PE for the cylinder." 

EJn - E_out = DELTAE_neglPist 
EJn =0 [kJ] 

E_out = 0 [kJ] 

"At the final equilibrium state, N2 and Fie will have a common temperature." 

DELTAE_neglPist= m_N2*Cv_N2*(T_2_neglPist-T_N2[1])+m_He*Cv_He*(T_2_neglPist-T_He[1]) 
"The entire cylinder is considered to be a closed system, including the piston." 

"Conservation of Energy for the closed system:" 

"EJn - E_out = DELTAE_withPist, we neglect DELTA KE and DELTA PE for the cylinder." 

EJn - E_out = DELTAE_withPist 

"At the final equilibrium state, N2 and Fie will have a common temperature." 

DELTAE_withPist= m_N2*Cv_N2*(T_2_withPist-T_N2[1])+m_He*Cv_He*(T_2_withPist- 
T_He[1 ])+m_Pist*Cv_Pist*(T_2_withPist-T_Pist[1 ]) 

T_Pist[1 ]=(T_N2[1 ]+T_He[1])/2 
"Total volume of gases:" 

VJotal=V_N2[1 ]+V_He[1 ] 

"Final pressure at equilibrium:" 

"Neglecting effect of piston, P_2 is:" 

P_2_neglPist*VJotal=NJotal*R_u*(T_2_neglPist+273) 

"Including effect of piston, P_2 is:" 

NJotal=m_N2/molarmass(nitrogen)+m_He/molarmass(Helium) 

P_2_withPist*VJotal=NJotal*R_u*(T_2_withPist+273) 
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mpist 

[kg] 

T2,neglPist 

[C] 

T 2,withPist 

[C] 

i 

85.65 

85.29 

2 

85.65 

84.96 

3 

85.65 

84.68 

4 

85.65 

84.43 

5 

85.65 

84.2 

6 

85.65 

83.99 

7 

85.65 

83.81 

8 

85.65 

83.64 

9 

85.65 

83.48 

10 

85.65 

83.34 
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4-147 A piston-cylinder device initially contains saturated liquid water. An electric resistor placed in the tank is turned on 
until the tank contains saturated water vapor. The volume of the tank, the final temperature, and the power rating of the 
resistor are to be determined. 

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions. 


Properties The initial properties of steam are (Table A-4) 


T x = 200°C 


x x = 0 


</ x =0.001 157 m 3 /kg 
h x = 852.26 kJ/kg 

P x = 1554.9 kPa 


Analysis {a) We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. 
Noting that the volume of the system is constant and thus there is no boundary work, the energy balance for this stationary 
closed system can be expressed as 

fin ~ ^out — ^^'system 

Net energy transfer Change in internal, kinetic, ” ’ 

by heat, work, and mass potential, etc. energies 

“ ^b,out = AU = m ( u 2 ~ u \) ( since Q = KE = PE = 0) Water I 4 

Km = K.out + AU = AH = m(h 2 -h t ) 14 200 ° C W ' 

sat. liq. 

since 

W h o U t + AU = AH for a constant-pressure process. 

The initial and final volumes are 


Water 

1.4 kg, 200°C 
sat. liq. 


</ 1 =mv l = (1.4 kg)(0.001 157 m 3 /kg) = 0.001619 m 3 
V 2 =4(0.001619 m 3 ) =0.006476 m 3 


(b) Now, the final state can be fixed by calculating specific volume 



m 


0.006476 m 3 
1.4 kg 


= 0.004626 m 3 /kg 


The final state is saturated mixture and both pressure and temperature remain constant during the process. Other properties 
are 


p 2 =p x = 1554.9 kPa ' 
«/ 2 = 0.004626 m 3 /kg 


T 2 =T x = 200°C 
h 2 = 905.65 kJ/kg 

x 2 =0.02752 


(Table A-4 or EES) 


(c) Substituting, 

W e tin = (1 .4 kg)(905.65 - 852.26)kJ/kg = 74.75 kJ 


Finally, the power rating of the resistor is 



Kjn_ _ ^74T75kJ- 
At 20x60 s 


0.0623 kW 
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4-148 A piston-cylinder device contains an ideal gas. An external shaft connected to the piston exerts a force. For an 
isothermal process of the ideal gas, the amount of heat transfer, the final pressure, and the distance that the piston is 
displaced are to be determined. 

Assumptions 1 The kinetic and potential energy changes are 
negligible, A ke = Ape = 0.2 The friction between the piston and the 

cylinder is negligible. 

Analysis {a) We take the ideal gas in the cylinder to be the system. This 
is a closed system since no mass crosses the system boundary. The 
energy balance for this stationary closed system can be expressed as 

fin ~ ^out — system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^b.in - Sout = idealgas = mc v ( T 2 ~ O ideal gas ) = 0 ( sin Ce T 2 = T { and KE = PE = 0) 

^b,in = 2out 

Thus, the amount of heat transfer is equal to the boundary work input 

Cnu o.i w 

(b) The relation for the isothermal work of an ideal gas may be used to determine the final volume in the cylinder. But we 
first calculate initial volume 


w 1 


1 1 



if GAS j 
j: 1 bar j 

;j 24°C ; 

m 





Q 




nD 


k = 


;r(0.12m) 


(0.2 m) = 0.002262 m 


Then, 


W b , n = -py x In 


V^I J 


0.1 kJ = -(100 kPa)(0. 002262 m 3 )ln 


fA 


+ V 2 - 0.001454 nr 


0.002262 m 

The final pressure can be determined from ideal gas relation applied for an isothermal process 


/ j v, =cv 


XI 00 kPa)(0.002262 m 3 ) = P 2 (0.001454m 3 ) 


^ A = 155.6 kPa 


(c) The final position of the piston and the distance that the piston is displaced are 


->0. 001454m 3 = ;r (°- 12m ) L 


V 2 = — L 2 - 

4 2 4 

A L = L l -L 2 = 0.20-0.1285 = 0.07146 m = 7.1 cm 


->L 2 = 0.1285 m 
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4-149 A piston-cylinder device with a set of stops contains superheated steam. Heat is lost from the steam. The pressure 
and quality (if mixture), the boundary work, and the heat transfer until the piston first hits the stops and the total heat 
transfer are to be determined. 


Assumptions 1 The kinetic and potential energy changes are negligible, Ake = Ape = 0.2 The friction between the piston 
and the cylinder is negligible. 


Analysis {a) We take the steam in the cylinder to be the system. This is a closed system 
since no mass crosses the system boundary. The energy balance for this stationary 
closed system can be expressed as 

^in — ^out — ^^system 

V v ' V V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

W Km - Q out = A U (since KE = PE = 0) 

Denoting when piston first hits the stops as state (2) and the final state as (3), the 
energy balance relations may be written as 



^b,in - Soul, 1-2 =m(u 2 -Uj) 

^b.in -0out,l-3 =m(u 3 -U,) 


The properties of steam at various states are (Tables A-4 through A-6) 


^sat@3.5 MPa - 242.56°C 

T X =T X + A T sat = 242.56 + 7.4 = 250°C 

P x =3.5 MPa [„, =0.05875 m 3 /kg 
r 1 =250°C J Ml =2623.9 kJ/kg 


P 2 =P\= 3.5 MPa 1 1 /, = 0.001235 m 3 /kg 
x 2 = 0 j u 2 = 1045.4 kJ/kg 


1 / 


3 




= i/ 2 =0.001235 m 3 /kg 
= 200°C 


x 3 =0.00062 
>P 3 =1555kPa 

u 3 = 851.55 kJ/kg 


(b) Noting that the pressure is constant until the piston hits the stops during which the boundary work is done, it can be 
determined from its definition as 

W bin = mP l (i/j - 1 / 2 ) = (0.35 kg)(3500 kPa)(0.05875-0.001235)m 3 =70.45kJ 

(c) Substituting into energy balance relations, 

£? ouU _ 2 = 70.45 kJ -(0.35 kg)(l 045.4- 2623. 9)kJ/kg = 622.9 kJ 

(cl) Q mtl _ 3 = 70.45 kJ -(0.35 kg)(851. 55-2623. 9)kJ/kg = 690.8 kJ 
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4-150 An insulated rigid tank is divided into two compartments, each compartment containing the same ideal gas at 
different states. The two gases are allowed to mix. The simplest expression for the mixture temperature in a specified 
format is to be obtained. 

Analysis We take the both compartments together as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 

-^in — ^out = '^system 

' V ' r V ' 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

0 = AU (since Q = W = KE = PE = 0) 

0 = m { c u (T 3 -T x ) + m 2 c„(T 3 -T 2 ) 

(m l + m 2 )T 3 = m x T x + m 2 T 2 

and m 3 = m x + m 2 

Solving for final temperature, we find 


m x 


m 2 

Ti 


t 2 


T 3 = 


m. 


m 


T\ + 


m 


77 


m 


4-151 A relation for the explosive energy of a fluid is given. A relation is to be obtained for the explosive energy of an 
ideal gas, and the value for air at a specified state is to be evaluated. 

Properties The specific heat ratio for air at room temperature is k = 1.4. 

Analysis The explosive energy per unit volume is given as 

u x -u 2 

^explosion — 

For an ideal gas, 

u\ -u 2 = cJJ\ - T 2 ) 
c p -c v =R 
RT X 


and thus 


R c p -c„ Cp/c^-l k — l 


Substituting, 


cM -T 2 ) P\ 


{ T \ 

i-T 

V T, J 


Explosion RTi/Pi k _ x 

which is the desired result. 

Using the relation above, the total explosive energy of 20 m 3 of air at 5 MPa and 100°C when the surroundings are 
at 20°C is determined to be 


^explosion ^explosion 


m 


k—i 


r T ^ 

l-^ 

V T u 


(5000 kPa)(20 m 


1.4-1 


1- 


293 K 
373 K 


lkJ 


1 kPa • nr 


= 53,619 kj 
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4-152 Using the relation for explosive energy given in the previous problem, the explosive energy of steam and its TNT 
equivalent at a specified state are to be determined. 

Assumptions Steam condenses and becomes a liquid at room temperature after the explosion. 


Properties The properties of steam at the initial and the final states are (Table A-4 through A-6) 


P x = 10 MPa 
T x = 500°C 

T 2 = 25°C 

Comp, liquid 


c/j = 0.03281 lm 3 /kg 
u x = 3047.0 kJ/kg 


\ u 2 = u m 2 5 °c = 104 - 83 kJ/k § 



25°C 


Analysis The mass of the steam is 


1 / 


20 m 


STEAM 
10 MPa 
500°C 


m = 


0.032811 m 3 /kg 


- 609.6 kg 


Then the total explosive energy of the steam is determined from 

Explosive = m ( u \ - U 2 )= (609.6 kg)(3047.0 - 104.83)kJ/kg = 1 ,793,436 kJ 


which is equivalent to 


1,793,436 kJ 
3250 kJ/kg ofTNT 


551 .8 kg of TNT 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 




4-113 


4-153 Carbon dioxide is compressed polytropically in a piston-cylinder device. The final temperature is to be determined 
treating the carbon dioxide as an ideal gas and a van der Waals gas. 

Assumptions The process is quasi-equilibrium. 


Properties The gas constant of carbon dioxide is R = 0.1889 kJ/kg-K (Table A-l). 
Analysis {a) The initial specific volume is 


= 


RT { (0. 1 889 kJ/kg • K)(473 K) 


R 


lOOOkPa 


= 0.08935 m 3 /kg 


From polytropic process expression, 


</ 2 = 


r P x ' Un 
K p 2 J 


— (0.08935 m /kg) 


^ 1000^ 1/1,5 


3000 


= 0.04295 m 3 /kg 


The final temperature is then 

T _ P 2 V 2 _ (3000 kPa)(0. 04295 m 3 /kg) _ fi82 1 y 
2 R 0.1889 kJ/kg-K 


C0 2 
1 MPa 
200°C 

P{/ 1 5 = const. 


(b) The van der Waals equation of state for carbon dioxide is 


P + 


365.8 


c/ 2 J 


(c7- 0.0428) = R U T 


When this is applied to the initial state, the result is 


1000 + 


365.8 




{y x - 0.0428) = (8.3 14)(473) 


whose solution by iteration or by EES is 
U x = 3.882 m 3 /kmol 
The final molar specific volume is then 


f pp' n 


i / 2 =Uj 


\ P 2 ) 


= (3.882 m 3 /kmol) 


1000 

3000 


\ 1/1.5 


= 1.866 m 3 /kmol 


Substitution of the final molar specific volume into the van der Waals equation of state produces 


T 2 = 


1 


R 


P + 


365.8 


u V 


l/ 2 J 


((7-0.0428) = 


1 


8.314 


3000 + 


365.8 


( 1 . 866 ) 


(1 .866 - 0.0428) = 680.9 K 
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4-154 Carbon dioxide contained in a spring-loaded piston-cylinder device is compressed in a polytropic process. The final 
temperature is to be determined using the compressibility factor. 

Properties The gas constant, the critical pressure, and the critical temperature of CO 2 are, from Table A-l, 

R = 0. 1889 kPa mVkg-K, T„ = 304.2 K, P„ = 7.39 MPa 


Analysis From the compressibility chart at the initial state (Fig. A- 15 or EES), 


Tr 1 = 
Pr\ ~ 


A 

?cr 

A 

Per 


473 K 
304.2 K~ 
1 MPa 
7.39 MPa 


1.55 
= 0.135 


Z x - 0.991 


The specific volume does not change during the process. Then, 




= ^2 = 


MZi 

p \ 


(0.99 1)(0. 1889 kPa • m 3 /kg • K)(473 K) 
1000 kPa 


= 0.08855 m 3 /kg 



At the final state, 



A 

^cr 


3 MPa 
7.39 MPa 


0.406 


^2, actual 0.08855 m 3 /kg 

RT cr /P cr (0.1889 kPa • m 3 /kg • K)(304.2 K)/(7390kPa) 



= 1.0 


Thus, 

T _ p 2 v 2 _ (3000 kPa)(0. 08855 m 3 /kg) _ 1/|Q6K 
‘ Z 2 R (1.0)(0.1889 kPa • m 3 /kg • K) 
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4-155E Two adiabatic tanks containing water at different states are connected by a valve. The valve is now opened, 
allowing the water vapor from the high-pressure tank to move to the low-pressure tank until the pressure in the two 
becomes equal. The final pressure and the final mass in each tank are to be determined. 

Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 There are no heat or 
work interactions involved 

Analysis We take both tanks as the system. This is a closed system since no mass enters or leaves. The energy balance for 
this stationary closed system can be expressed as 

^in — ^"out — ^^'system 

" V V v V / 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

0 = AU = U 2 -U x =0 
U,=U 2 

m \,A u \,A + m \,B u \,B = m 2,A u 2,A +m 2,B u 2,B 


Water 


Water 

10 ft 3 

A r r\ • 


10 ft 3 

450 psia 


15 psia 

x = 0.10 


x = 0.75 


where the high-pressure and low-pressure tanks are denoted by A and B , respectively. The specific volume in each tank is 


P lA = 450 psia 
x lA = 0.10 


V UA = v f +xv fg = 0.01955 + (0.10)(1. 0324-0. 01955) = 0.12084 ft 3 /lbm 
U \,A = u f +xu f g = 435.67 + (0.1 0)(683. 52) = 504.02 Btu/lbm 


P lB = 15 psia 
x lB = 0.75 


v XB = v f +xv fg = 0.01672 + (0.75)(26.297 - 0.01672) = 19.727 ft 3 /lbm 
u XB =Uj+xuj g = 18 1.16 + (0.75)(896. 52) = 853.55 Btu/lbm 


The total mass contained in the tanks is 


1/ 


m = 


A 


{/ 


B 


10 ft 


10 ft 


= 82.75 + 0.5069 = 83.26 lbm 


I \ A B 0.12084 ft 3 /lbm 19.727 ft 3 /lbm 

Similarly, the initial total internal energy contained in both tanks is 

U x =m UA Ui,A + m \,B“i,B = (82.75X504.02) + (0.5069X853.55) = 42,155 kJ 

The internal energy and the specific volume are 

U ! 42,155 Btu 


U\ =11^ = 


m 83.26 lbm 


= 506.3 Btu/lbm 


V 


20 ft 


v \ =c/ 2 = — = 


m 83.26 lbm 


= 0.2402 ft- 3 /lbm 


Now, the final state is fixed. The pressure in this state may be obtained by iteration in water tables (Table A-5E). We used 
EES to get the exact result: 

P 2 =31 3 psia 


Since the specific volume is now the same in both tanks, and both tanks have the same volume, the mass is equally divided 
between the tanks at the end of this process, 


m 83.26 lbm 


m 2 ,A = m 2,B =j = 


2 


41 .63 lbm 
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4-156 A frictionless piston-cylinder device and a rigid tank contain 3 kmol of an ideal gas at the same temperature, pressure 
and volume. Now heat is transferred, and the temperature of both systems is raised by 10°C. The amount of extra heat that 
must be supplied to the gas in the cylinder that is maintained at constant pressure is 

(a)OkJ (b) 27 kJ (c) 83 kJ (d) 249 kJ (e) 300 kJ 

Answer (d) 249 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


"Note that Cp-Cv=R, and thus Q_diff=m*R*dT=N*Ru*dT" 

N=3 "kmol" 

Ru=8.314 "kJ/kmol.K" 

T_change=10 

Q_diff=N*Ru*T_change 

"Some Wrong Solutions with Common Mistakes:" 

W1_Qdiff=0 "Assuming they are the same" 
W2_Qdiff=Ru*T_change "Not using mole numbers" 
W3_Qdiff=Ru*T_change/N "Dividing by N instead of multiplying" 
W4_Qdiff=N*Rair*T_change; Rair=0.287 "using R instead of Ru" 


4-157 The specific heat of a material is given in a strange unit to be C = 3.60 kJ/kg.°F. 
the SI units of kJ/kg.°C is 

(a) 2.00 kJ/kg.°C (b) 3.20 kJ/kg.°C (c) 3.60 kJ/kg.°C (d) 4.80 kJ/kg.°C 
Answer (e) 6.48 kJ/kg.°C 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


The specific heat of this material in 
(e) 6.48 kJ/kg.°C 


C=3.60 "kJ/kg.F" 

C_SI=C*1 .8 "kJ/kg.C" 

"Some Wrong Solutions with Common Mistakes:" 
W1_C=C "Assuming they are the same" 

W2_C=C/1 .8 "Dividing by 1 .8 instead of multiplying" 
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4-158 A 3-m rigid tank contains nitrogen gas at 500 kPa and 300 K. Now heat is transferred to the nitrogen in the tank and 
the pressure of nitrogen rises to 800 kPa. The work done during this process is 

(a) 500 kJ (b) 1500 kJ (c) 0 kJ (d) 900 kJ (e) 2400 kJ 

Answer (b) 0 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


V=3 "m A 3" 

PI =500 "kPa" 

T1=300 "K" 

P2=800 "kPa" 

W=0 "since constant volume" 


"Some Wrong Solutions with Common Mistakes:" 
R=0.297 

W1_W=V*(P2-P1) "Using W=V*DELTAP" 

W2_W=V*P1 

W3_W=V*P2 

W4_W=R*T 1 *ln(P1/P2) 


4-159 A 0.5-m 3 cylinder contains nitrogen gas at 600 kPa and 300 K. Now the gas is compressed isothermally to a volume 
of 0. 1 nT. The work done on the gas during this compression process is 

(a) 720 kJ (b) 483 kJ (c) 240 kJ (d) 175 kJ (e) 143 kJ 

Answer (b) 483 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


R=8.314/28 
VI =0.5 "m A 3" 

V2=0.1 "m A 3" 

PI =600 "kPa" 

T1=300 "K" 

P1*V1=m*R*T1 

W=m*R*T1* ln(V2/V1) "constant temperature" 

"Some Wrong Solutions with Common Mistakes:" 
W1_W=R*T1* ln(V2/V1) "Forgetting m" 
W2_W=P1 *(V1 -V2) "Using V*DeltaP" 

PI *V1 /T1 =P2*V2/T 1 

W3_W=(V1 -V2)*(P1 +P2)/2 "Using P„ave*Delta V" 
W4_W=P1 *V1 -P2*V2 "Using W=P1V1-P2V2" 
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4-160 A well-sealed room contains 60 kg of air at 200 kPa and 25°C. Now solar energy enters the room at an average rate 
of 0.8 kJ/s while a 120-W fan is turned on to circulate the air in the room. If heat transfer through the walls is negligible, the 
air temperature in the room in 30 min will be 

(a) 25.6°C (b) 49.8°C (c) 53.4°C (d) 52.5°C (e) 63.4°C 

Answer (e) 63.4°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


R=0.287 "kJ/kg.K" 

Cv=0.718 "kJ/kg.K" 
m=60 "kg" 

PI =200 "kPa" 

T1=25 "C" 

Qsol=0.8 "kJ/s" 
time=30*60 "s" 

Wfan=0.12 "kJ/s" 

"Applying energy balance E_in-E_out=dE_system gives" 
time*(Wfan+Qsol)=m*Cv*(T2-T 1 ) 

"Some Wrong Solutions with Common Mistakes:" 

Cp= 1.005 "kJ/kg.K" 

time*(Wfan+Qsol)=m*Cp*(W1_T2-T 1 ) "Using Cp instead of Cv " 
time*(-Wfan+Qsol)=m*Cv*(W2_T2-T1) "Subtracting Wfan instead of adding" 
time*Qsol=m*Cv*(W3_T2-T 1 ) "Ignoring Wfan" 

time*(Wfan+Qsol)/60=m*Cv*(W4_T2-T1) "Using min for time instead of s" 


4-161 A 2-kW baseboard electric resistance heater in a vacant room is turned on and kept on for 15 min. The mass of the 
air in the room is 75 kg, and the room is tightly sealed so that no air can leak in or out. The temperature rise of air at the end 
of 15 min is 

(a) 8.5°C (b) 12.4°C (c) 24.0°C (d) 33.4°C (e) 54.8°C 

Answer (d) 33.4°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


R=0.287 "kJ/kg.K" 

Cv=0.71 8 "kJ/kg.K" 
m=75 "kg" 
time=15*60 "s" 

W_e=2 "kJ/s" 

"Applying energy balance E_in-E_out=dE_system gives" 
time*W_e=m*Cv*DELTAT "kJ" 

"Some Wrong Solutions with Common Mistakes:" 

Cp= 1.005 "kJ/kg.K" 

time*W_e=m*Cp*W1_DELTAT "Using Cp instead of Cv" 
time*W_e/60=m*Cv*W2_DELTAT "Using min for time instead of s" 
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4-162 A room contains 75 kg of air at 100 kPa and 15°C. The room has a 250-W refrigerator (the refrigerator consumes 
250 W of electricity when running), a 120-W TV, a 1.8-kW electric resistance heater, and a 50-W fan. During a cold winter 
day, it is observed that the refrigerator, the TV, the fan, and the electric resistance heater are running continuously but the 
air temperature in the room remains constant. The rate of heat loss from the room that day is 

(a) 5832 kJ/h (b)6192kJ/h (c) 7560 kJ/h (d) 7632kJ/h (e) 7992 kJ/h 

Answer (e) 7992 kJ/h 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


R=0.287 "kJ/kg.K" 

Cv=0.718 "kJ/kg.K" 
m=75 "kg" 

P_1=100 "kPa" 

T 1 =1 5 "C" 

time=30*60 "s" 

W_ref=0.250 "kJ/s" 

W_TV=0.1 20 "kJ/s" 

W_heater=1 .8 "kJ/s" 

W_fan=0.05 "kJ/s" 

"Applying energy balance E_in-E_out=dE_system gives E_out=E_in since T=constant and dE=0" 
E_g a i n = W_ref + W_T V+ W_h eate r-i- W_f an 
Q_loss=E_gain*3600 "kJ/h" 

"Some Wrong Solutions with Common Mistakes:" 

E_gain1=-W_ref+W_TV+W_heater+W_fan "Subtracting Wrefrig instead of adding" 
W1_Qloss=E_gain1*3600 "kJ/h" 

E_gain2=W_ref+W_TV+W_heater-W_fan "Subtracting Wfan instead of adding" 
W2_Qloss=E_gain2*3600 "kJ/h" 

E_gain3=-W_ref+W_TV+W_heater-W_fan "Subtracting Wrefrig and Wfan instead of adding" 
W3_Qloss=E_gain3*3600 "kJ/h" 

E_gain4=W_ref+W_heater+W_fan "Ignoring the TV" 

W4_Qloss=E_gain4*3600 "kJ/h" 
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4-163 A piston-cylinder device contains 5 kg of air at 400 kPa and 30°C. During a quasi-equilibrium isothermal expansion 
process, 15 kJ of boundary work is done by the system, and 3 kJ of paddle-wheel work is done on the system. The heat 
transfer during this process is 

(a) 12 kJ (b) 1 8 kJ (c) 2.4 kJ (d) 3.5 kJ (e) 60 kJ 

Answer (a) 12 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


R=0.287 "kJ/kg.K" 

Cv=0.718 "kJ/kg.K" 
m=5 "kg" 

P_1 =400 "kPa" 

T=30 "C" 

Wout_b=15 "kJ" 

Win_pw=3 "kJ" 

"Noting that T=constant and thus dE_system=0, applying energy balance EJn-E_out=dE_system gives" 
Q_in+Win_pw-Wout_b=0 

"Some Wrong Solutions with Common Mistakes:" 

W1_Qin=Q_in/Cv "Dividing by Cv" 

W2_Qin=Win_pw+Wout_b "Adding both quantities" 

W3_Qin=Win_pw "Setting it equal to paddle-wheel work" 

W4_Qin=Wout_b "Setting it equal to boundaru work" 
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4-164 A container equipped with a resistance heater and a mixer is initially filled with 3.6 kg of saturated water vapor at 
120°C. Now the heater and the mixer are turned on; the steam is compressed, and there is heat loss to the surrounding air. 
At the end of the process, the temperature and pressure of steam in the container are measured to be 300°C and 0.5 MPa. 
The net energy transfer to the steam during this process is 

(a) 274 kJ (b) 914 kJ (c) 1213 kJ (d) 988 kJ (e) 1291 kJ 

Answer (d) 988 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


m=3.6 "kg" 

T1=120 "C" 
x 1 = 1 "saturated vapor" 

P2=500 "kPa" 

T2=300 "C" 

u1=INTENERGY(SteamJAPWS,T=T1 ,x=x1 ) 
u2=INTENERGY(SteamJAPWS,T=T2,P=P2) 

"Noting that Eout=0 and dU_system=m*(u2-u1), applying energy balance E_in-E_out=dE_system gives" 

E_out=0 

E_in=m*(u2-u1) 

"Some Wrong Solutions with Common Mistakes:" 

Cp_steam=1 .8723 "kJ/kg.K" 

Cv_steam=1 .4108 "kJ/kg.K" 

W1_Ein=m*Cp_Steam*(T2-T1) "Assuming ideal gas and using Cp" 

W2_Ein=m*Cv_steam*(T2-T1) "Assuming ideal gas and using Cv" 

W3_Ein=u2-u1 "Not using mass" 

hi =ENTHALPY(Steam_IAPWS,T=T1 ,x=x1 ) 

h2=ENTHALPY(SteamJAPWS,T=T2,P=P2) 

W4_Ein=m*(h2-h1) "Using enthalpy" 
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4-165 A 6-pack canned drink is to be cooled from 18°C to 3°C. The mass of each canned drink is 0.355 kg. The drinks can 
be treated as water, and the energy stored in the aluminum can itself is negligible. The amount of heat transfer from the 6 
canned drinks is 

(a) 22 kJ (b) 32 kJ (c) 134 kJ (d)187kJ (e) 223 kJ 

Answer (c) 134 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


C=4.1 8 "kJ/kg.K" 
m=6*0.355 "kg" 

T1=18 "C" 

T2=3 "C" 

DELTAT=T2-T1 "C" 

"Applying energy balance E_in-E_out=dE_system and noting that dU_system=m*C*DELTAT gives" 
-Q_out=m*C*DELTAT "kJ" 

"Some Wrong Solutions with Common Mistakes:" 

-W1_Qout=m*C*DELTAT/6 "Using one can only" 

-W2_Qout=m*C*(T1+T2) "Adding temperatures instead of subtracting" 

-W3_Qout=m*1 .0*DELTAT "Using specific heat of air or forgetting specific heat" 


4-166 A glass of water with a mass of 0.45 kg at 20°C is to be cooled to 0°C by dropping ice cubes at 0°C into it. The latent 
heat of fusion of ice is 334 kJ/kg, and the specific heat of water is 4. 1 8 kJ/kg.°C. The amount of ice that needs to be added 
is 

(a) 56 g (b) 113 g (c) 124 g (d) 224 g (e) 450 g 

Answer (b) 113 g 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


C=4.1 8 "kJ/kg.K" 
h_melting=334 "kJ/kg.K" 
m_w=0.45 "kg" 

T1=20 "C" 

T2=0 "C" 

DELTAT=T2-T1 "C" 

"Noting that there is no energy transfer with the surroundings and the latent heat of melting of ice is 
transferred form the water, and applying energy balance E_in-E_out=dE_system to ice+water gives" 
dE_ice+dE_w=0 
dE_ice=m_ice*h_melting 
d E_w= m_w*C* D ELTAT "kJ" 

"Some Wrong Solutions with Common Mistakes:" 

W1_mice*h_melting*(T1 -T2)+m_w*C*DELTAT=0 "Multiplying hjatent by temperature difference" 
W2_mice=m_w "taking mass of water to be equal to the mass of ice" 
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4-167 A 2-kW electric resistance heater submerged in 5-kg water is turned on and kept on for 10 min. During the process, 
300 kJ of heat is lost from the water. The temperature rise of water is 

(a) 0.4°C (b)43.1°C (c) 57.4°C (d)71.8°C (e) 180.0°C 

Answer (b) 43.1°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


C=4.1 8 "kJ/kg.K" 
m=5 "kg" 

Q_loss=300 "kJ" 
time=10*60 "s" 

W_e=2 "kJ/s" 

"Applying energy balance E_in-E_out=dE_system gives" 
time*W_e-Q_loss = dU_system 
dU_system=m*C*DELTAT "kJ" 

"Some Wrong Solutions with Common Mistakes:" 
time*W_e = m*C*W1_T "Ignoring heat loss" 

time*W_e+Q_loss = m*C*W2_T "Adding heat loss instead of subtracting" 
time*W_e-Q_loss = m*1 ,0*W3_T Using specific heat of air or not using specific heat" 


4-168 1.5 kg of liquid water initially at 12°C is to be heated to 95°C in a teapot equipped with a 800 W electric heating 
element inside. The specific heat of water can be taken to be 4. 18 kJ/kg.°C, and the heat loss from the water during 
heating can be neglected. The time it takes to heat the water to the desired temperature is 

(a) 5.9 min (b) 7.3 min (c) 10.8 min (d) 14.0 min (e) 17.0 min 

Answer (c) 10.8 min 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


C=4.1 8 "kJ/kg.K" 
m=1 .5 "kg" 

T1=12 "C" 

T2=95 "C" 

Q_loss=0 "kJ" 

W_e=0.8 "kJ/s" 

"Applying energy balance E_in-E_out=dE_system gives" 

(time*60)*W_e-Q_loss = dU_system "time in minutes" 
dU_system=m*C*(T2-T1) "kJ" 

"Some Wrong Solutions with Common Mistakes:" 

W1_time*60*W_e-Q_loss = m*C*(T2+T1) "Adding temperatures instead of subtracting" 
W2_time*60*W_e-Q_loss = C*(T2-T1) "Not using mass" 
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4-169 An ordinary egg with a mass of 0. 1 kg and a specific heat of 3.32 kJ/kg.°C is dropped into boiling water at 95°C. If 
the initial temperature of the egg is 5°C, the maximum amount of heat transfer to the egg is 

(a) 12 kJ (b) 30 kJ (c) 24 kJ (d) 18 kJ (e) infinity 

Answer (b) 30 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


C=3.32 "kJ/kg.K" 
m=0.1 "kg" 

T1=5 "C" 

T2=95 "C" 

"Applying energy balance E_in-E_out=dE_system gives" 

EJn = dU_system 
dU_system=m*C*(T2-T1) "kJ" 

"Some Wrong Solutions with Common Mistakes:" 

W1_Ein = m*C*T2 "Using T2 only" 

W2_Ein=m*(ENTHALPY(Steam_IAPWS,T=T2,x=1)-ENTHALPY(SteamJAPWS,T=T2,x=0)) „ Using h j g .. 


4-170 An apple with an average mass of 0.18 kg and average specific heat of 3.65 kJ/kg.°C is cooled from 22°C to 5°C. 
The amount of heat transferred from the apple is 

(a) 0.85 kJ (b) 62.1 kJ (c)17.7kJ (d)11.2kJ (e) 7.1 kJ 

Answer (d) 1 1 .2 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


C=3.65 "kJ/kg.K" 
m=0.18 "kg" 

T1=22 "C" 

T2=5 "C" 

"Applying energy balance E_in-E_out=dE_system gives" 
-Q_out = dU_system 
dU_system=m*C*(T2-T1) "kJ" 

"Some Wrong Solutions with Common Mistakes:" 
-W1_Qout =C*(T2-T1) "Not using mass" 

-W2_Qout =m*C*(T2+T1) "adding temperatures" 
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4-171 The specific heat at constant pressure for an ideal gas is given by c p = 0.9+(2.7 x 10‘ 4 )r (kJ/kg • K) where T is in 
kelvin. The change in the enthalpy for this ideal gas undergoing a process in which the temperature changes from 27 to 
47 °C is most nearly 

(a) 19.7 kJ/kg (b) 22.0 kJ/kg (c) 25.5 kJ/kg (d ) 29.7 kJ/kg (e) 32. 1 kJ/kg 

Answer (a) 19.7 kJ/kg 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T1 =(27+273) [K] 

T2=(47+273) [K] 

"Performing the necessary integration, we obtain" 
DELTAh=0.9*(T2-T 1 )+2.7E-4/2*(T2 A 2-T1 A 2) 


4-172 The specific heat at constant volume for an ideal gas is given by c v = 0.7+(2.7 x 10~ 4 )r (kJ/kg • K) where T is in 
kelvin. The change in the enthalpy for this ideal gas undergoing a process in which the temperature changes from 27 to 
127°C is most nearly 

(a) 70 kJ/kg (b) 72. 1 kJ/kg (c) 79.5 kJ/kg (d ) 82. 1 kJ/kg (e) 84.0 kJ/kg 

Answer (c) 79.5 kJ/kg 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T1 =(27+273) [K] 

T2=(1 27+273) [K] 

"Performing the necessary integration, we obtain" 
DELTAh=0.7*(T2-T 1 )+2.7E-4/2*(T2 A 2-T1 A 2) 
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4-126 


4-173 An ideal gas has a gas constant R = 0.3 kJ/kg-K and a constant- volume specific heat c v = 0.7 kJ/kg-K. If the gas has a 
temperature change of 100°C, choose the correct answer for each of the following: 

1 . The change in enthalpy is, in kJ/kg 

(a) 30 (b) 70 (c) 100 ( d) insufficient information to determine 

Answer (c) 100 

2. The change in internal energy is, in kJ/kg 

(i a ) 30 (b) 70 (c) 100 ( d) insufficient information to determine 

Answer (b) 70 

3. The work done is, in kJ/kg 

(i a ) 30 (b) 70 (c) 100 (d) insufficient information to determine 

Answer (d) insufficient information to determine 

4. The heat transfer is, in kJ/kg 

(< a ) 30 (b) 70 ( c ) 100 ( d) insufficient information to determine 

Answer (d) insufficient information to determine 

5. The change in the pressure-volume product is, in kJ/kg 

(i a ) 30 (b) 70 (c) 100 ( d) insufficient information to determine 

Answer (a) 30 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

R=0.3 [kJ/kg-K] 
c_v=0.7 [kJ/kg-K] 

DELTAT=100 [K] 

"(!)" 

c_p=R+c_v 

DELTAh=c_p*DELTAT 

"(II)" 

DELTAu=c_v*DELTAT 

"(V)" 

PV=R*DELTAT 
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4-174 An ideal gas undergoes a constant temperature (isothermal) process in a closed system. The heat transfer and work 
are, respectively 

(a) 0, -cAT ( b ) cAT , 0 (c) c p AT, RAT (d) R \n(T 2 /T { ), R \n(T 2 /T { ) 

Answer ( d) R \n(T 2 /T{), R In (T 2 IT X ) 


4-175 An ideal gas under goes a constant volume (isochoric) process in a closed system. The heat transfer and work are, 
respectively 

(a) 0, -cAT ( b ) cAT , 0 (c) c p AT , RAT (d) R ln(T 2 /T x l R \n(T 2 /T x ) 

Answer ( b ) cAT , 0 


4-176 An ideal gas under goes a constant pressure (isobaric) process in a closed system. The heat transfer and work are, 
respectively 

(a) 0, -cAT (b) cAT , 0 (c) c p AT, RAT (d) R \n(T 2 /T x l R \n(T 2 /T x ) 

Answer ( c ) c p AT, RAT 


4-177 An ideal gas under goes a constant entropy (isentropic) process in a closed system. The heat transfer and work are, 
respectively 

(a) 0, -cAT (b) cAT , 0 (c) c p AT , (J) i? In(r 2 /r0, i? In(r 2 /r0 

Answer ( a ) 0, ~cAT 


4-178 ... 4-183 Design and Essay Problems 


4-182 A claim that fruits and vegetables are cooled by 6°C for each percentage point of weight loss as moisture during 
vacuum cooling is to be evaluated. 

Analysis Assuming the fruits and vegetables are cooled from 30°C and 0°C, the average heat of vaporization can be taken to 
be 2466 kJ/kg, which is the value at 15°C, and the specific heat of products can be taken to be 4 kJ/kg.°C. Then the 
vaporization of 0.01 kg water will lower the temperature of 1 kg of produce by 24.66/4 = 6°C. Therefore, the vacuum 
cooled products will lose 1 percent moisture for each 6°C drop in temperature. Thus the claim is reasonable. 
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5-2 


Conservation of Mass 


5-1C Mass flow rate is the amount of mass flowing through a cross-section per unit time whereas the volume flow rate is 
the amount of volume flowing through a cross-section per unit time. 


5-2C Flow through a control volume is steady when it involves no changes with time at any specified position. 


5-3C The amount of mass or energy entering a control volume does not have to be equal to the amount of mass or energy 
leaving during an unsteady-flow process. 


5-4C No, a flow with the same volume flow rate at the inlet and the exit is not necessarily steady (unless the density is 
constant). To be steady, the mass flow rate through the device must remain constant. 


5-5E A pneumatic accumulator arranged to maintain a constant pressure as air enters or leaves is considered. The amount 
of air added is to be determined. 

Assumptions 1 Air is an ideal gas. 

Properties The gas constant of air is R = 0.3704 psia-ft 3 /lbm-R (Table A- IE). 

Analysis At the beginning of the filling, the mass of the air in the container is 

Ml = ™ = (2Q0pSia)(0 ' 2ft3) = 0.200 lbm 

RT X (0.3704 psia-ft 3 /lbm-R)(80 + 460 R) 

During the process both pressure and temperature remain constant while volume increases by 5 times. Thus, 

P 9 t / 9 

m 2 = = 5m, = 5(0.200) = 1.00 lbm 

rt 2 

The amount of air added to the container is then 
Am = m 2 —m x = 1.00-0.200 = 0.8 lbm 
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5-3 

5-6E Helium at a specified state is compressed to another specified state. The mass flow rate and the inlet area are to be 
determined. 


Assumptions Flow through the compressor is steady. 


200 psia 


Properties The gas cosntant of helium is R = 2.6809 psia-ft 3 /lbm-R (Table A- IE) 
Analysis The mass flow rate is determined from 

* = Ml = = (0-01 ft 2 )(100ft/s)(200psia) = Q ^ ^ 

v 2 RT 2 (2.6809 psia • ft 3 /lbm • R)(1060 R) 

The inlet area is determined from 


600°F 



_ mRT 1 _ (0.07038 lbm/s)(2.6809 psia • ft 3 /lbm ■ R)(530 R) _ Q 1333 2 
Vj ~ ~ (50ft/s)(15psia) 


5-7 Air is accelerated in a nozzle. The mass flow rate and the exit area of the nozzle are to be determined. 

Assumptions Flow through the nozzle is steady. 

Properties The density of air is given to be 2.21 kg/m 3 at the 
inlet, and 0.762 kg/m 3 at the exit. 

Analysis (a) The mass flow rate of air is determined from the ^2 = 180 m/s 

inlet conditions to be 




m = pAV\ = (2.21 kg/m 3 )(0. 009 m 2 )(40 m/s) = 0.796 kg/s 
( b ) There is only one inlet and one exit, and thus m x = m 2 = m . Then the exit area of the nozzle is determined to be 

0.796 kg/s 


m = p 2 A 2 V 2 


A-) — 


m 


p 2 v 2 (0.762 kg/m 3 )(180 m/s) 


= 0.0058 m' =58 cm 
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5-4 


5-8 Water flows through the tubes of a boiler. The velocity and volume flow rate of the water at the inlet are to be 
determined. 

Assumptions Flow through the boiler is steady. 

Properties The specific volumes of water at the inlet and exit are (Tables A-6 and A-7) 


P x =l MPa 
T x = 65°C 


t/j = 0.001017 m 3 /kg 


P 2 = 6 MPa 
T 2 = 450°C 


i/ 2 = 0.05217 m 3 /kg 


Analysis The cross-sectional area of the tube is 

r 4 a 


1 MPa Steam 6 MPa, 450°C 

65°C ► 80 m/s 


The mass flow rate through the tube is same at the inlet and exit. It may be determined from exit data to be 
A c V 2 (0.01327 m 2 )(80 m/s) 


m — 


v 


= 20.35 kg/s 


■2 0.05217 m /kg 

The water velocity at the inlet is then 

v = = (20.35 kg/s)(0.001017 m 3 /kg) = 1 5g() m/g 

'1 A ~ ~ ~ .2 


A. 


0.01327 nT 


The volumetric flow rate at the inlet is 

0 X = A C V X = (0.01327 m 2 )(l. 560 m/s) = 0.0207 m 3 /s 


5-9 Air is expanded and is accelerated as it is heated by a hair dryer of constant diameter. The percent increase in the 
velocity of air as it flows through the drier is to be determined. 


Assumptions Flow through the nozzle is steady. 

Properties The density of air is given to be 1.20 kg/m 3 at 
the inlet, and 1.05 kg/m at the exit. 

Analysis There is only one inlet and one exit, and thus 
m x = m 2 = m . Then, 

m x = m 2 


V: 



^VVVWV 

1 

1 

/ 

v N 

1 



p x AV x = p 2 AV 2 

— = — = 1-^0 kg/nr _ j anc j i ncrease 0 f 26.3%) 

^ p 2 0.95 kg/m 3 


Therefore, the air velocity increases 26.3% as it flows through the hair drier. 
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5-10 A rigid tank initially contains air at atmospheric conditions. The tank is connected to a supply line, and air is allowed 
to enter the tank until the density rises to a specified level. The mass of air that entered the tank is to be determined. 


Properties The density of air is given to be 1.18 kg/m 3 at the beginning, and 
7.20 kg/m 3 at the end. 

Analysis We take the tank as the system, which is a control volume since mass 
crosses the boundary. The mass balance for this system can be expressed as 

Mass balance : 

m in~ m out= Am system W,- = m 2 - OTj = p 2 V - p Y V 

Substituting, 

IB,. = (p 2 ~ a )V = [(7.20 - 1 . 1 8) kg/m 3 ](1 m 3 ) = 6.02 kg 


> 


> 



Therefore, 6.02 kg of mass entered the tank. 


5-11 A cyclone separator is used to remove fine solid particles that are suspended in a gas stream. The mass flow rates at 
the two outlets and the amount of fly ash collected per year are to be determined. 

Assumptions Flow through the separator is steady. 

Analysis Since the ash particles cannot be converted into the gas and vice-versa, the mass flow rate of ash into the control 
volume must equal that going out, and the mass flow rate of flue gas into the control volume must equal that going out. 
Hence, the mass flow rate of ash leaving is 

'»ash = v £1 sh'»,n = (0.001X10 kg/s) = 0.01 kg/s 

The mass flow rate of flue gas leaving the separator is then 

"'fluegas = "'in ~ "'ash =10-0.01 = 9.99 kg/S 

The amount of fly ash collected per year is 

ra ash = m ash A t = (0.01 kg/s)(365 x 24 x 3600 s/year) = 31 5,400 kg/year 
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5-6 


5-12 Air flows through an aircraft engine. The volume flow rate at the inlet and the mass flow rate at the exit are to be 
determined. 

Assumptions 1 Air is an ideal gas. 2 The flow is steady. 

Properties The gas constant of air is R = 0.287 kPa-m 3 /kg-K (Table A-l). 

Analysis The inlet volume flow rate is 

l/j =a 1 V 1 = (lm 2 )(180m/s) = 180 m 3 /s 
The specific volume at the inlet is 


,, = ^ = (0 - 287kPa - m : kg i K)(2Q+273K) = 0.8409 nrVkg 


R 


lOOkPa 


Since the flow is steady, the mass flow rate remains constant during the flow. Then, 


m — 


_ 180 m 3 /s 

0.8409 m 3 /kg 


= 214.1 kg/s 


5-13 A spherical hot-air balloon is considered. The time it takes to inflate the balloon is to be determined. 
Assumptions 1 Air is an ideal gas. 

Properties The gas constant of air is R = 0.287 kPa-m 3 /kg-K (Table A-l). 

Analysis The specific volume of air entering the balloon is 

RT (0.287 kPa-m Vkg-K)(20+ 273 K) _ ^ nno 3 _ 

v = = = 0.7008 m /kg 

P 120 kPa 


The mass flow rate at this entrance is 


. A C V kD 2 V j(l.Om) 2 
m = — — = = — — 

1 / 4 i/ 4 


3 m/s 

0.7008 m 3 /kg 


3.362 kg/s 


The initial mass of the air in the balloon is 


V, ttD 


m- = — = 


7r( 5 m) 


v 6v 6(0.7008 m 3 /kg) 


93.39 kg 


Similarly, the final mass of air in the balloon is 


m f = 


Vf kD 


7t( 15 m) : 


= 2522 kg 


c/ 6c/ 6(0.7008 m7kg) 

The time it takes to inflate the balloon is determined from 


A t = 


m f -m t (2522 -93.39) kg 


m 


3.362 kg/s 


= 722 s = 12.0 min 
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5-14 A water pump increases water pressure. The diameters of the inlet and exit openings are given. The velocity of the 
water at the inlet and outlet are to be determined. 


Assumptions 1 Flow through the pump is steady. 2 The specific volume remains constant. 

Properties The inlet state of water is compressed liquid. We approximate it as a saturated liquid at the given temperature. 
Then, at 15°C and 40°C, we have (Table A-4) 


r=15°C 
v = 0 

T = 40°C 
v = 0 


i/j = 0.001001 m 3 /kg 


iq = 0.001008 m 3 /kg 


Analysis The velocity of the water at the inlet is 



Water 
70 kPa 
15°C 


V, = 


mv x 4mc/j 4(0.5 kg/s)(0. 00 1001 m 3 /kg) 


A 


kD\ 


^■(0.01 m)' 


= 6.37 m/s 


Since the mass flow rate and the specific volume remains constant, the velocity at the pump exit is 


V 2 =V l ^ = V l 

At 


f \2 

a 


K D 2J 


= (6.37 m/s) 


' 0.01 m 
0.015m 


= 2.83 m/s 


Using the specific volume at 40°C, the water velocity at the inlet becomes 
m c/j 4 mi/j 4(0.5 kg/s)(0.001008 m 3 /kg) 




A, 


= 6.42 m/s 


4 7tD { tt( 0.0 1 m) 

which is a 0.8% increase in velocity. 
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5-8 


5-15 Refrigerant- 13 4a flows through a pipe. Heat is supplied to R-134a. The volume flow rates of air at the inlet and exit, 
the mass flow rate, and the velocity at the exit are to be determined. 

Properties The specific volumes of R- 134a at the inlet and exit are (Table A- 13) 


P, = 200 kPal , 

\v x = 0.1 142 m/kg 

p = 20°c 1 


P, =180 kPal , 

1 \u 2 =0.1374 m 3 /kg 

r-r r /i ^ ^ 


T x = 40°C 


Analysis 


R-134a 
200 kPa 
20°C 
5 m/s 


180 kPa 
40°C 


(a) ( b ) The volume flow rate at the inlet and the mass flow rate are 


• . ttD 1 ^ #(0.28 mr._ .. _ on _. 3 . 

i/ x = A C V X = — —V x = — — - — —(5 m/s) = 0.3079 mr/s 


• 1 a \r 1 T/ 1 

m = — AV x = V x = t 

</ x i/j 4 0.1 142 m 3 /kg 


#(0.28 m)' 


(5 m/s) = 2.696 kg/s 


(c) Noting that mass flow rate is constant, the volume flow rate and the velocity at the exit of the pipe are determined from 


V 2 = m v 2 = (2.696 kg/s)(0. 1 374 m 3 /kg) = 0.3705 m 3 /s 


C/ 2 0,3705 m J /s 

2 ~ A c ~ ^-(0.28 m) 2 


= 6.02 m/s 


5-16 A smoking lounge that can accommodate 15 smokers is considered. The required minimum flow rate of air that needs 
to be supplied to the lounge and the diameter of the duct are to be determined. 

Assumptions Infiltration of air into the smoking lounge is negligible. 

Properties The minimum fresh air requirements for a smoking lounge is given to be 30 L/s per person. 

Analysis The required minimum flow rate of air that needs to be supplied to the lounge is determined directly from 

<4r = Kur per person (No. of persons) 

= (30 L/s • person)( 15 persons) = 450 L/s = 0.45 m 3 /s 
The volume flow rate of fresh air can be expressed as 
0=VA = V(tiD 2 / 4) 

Solving for the diameter D and substituting, 

„ / 4(0.45 m 3 /s) A 

D = J = , = 0.268m 

\ xV \ n(% m/s) 

Therefore, the diameter of the fresh air duct should be at least 26.8 cm if the velocity of air is not to exceed 8 m/s. 
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5-17 The minimum fresh air requirements of a residential building is specified to be 0.35 air changes per hour. The size of 
the fan that needs to be installed and the diameter of the duct are to be determined. 

Analysis The volume of the building and the required minimum volume flow rate of fresh air are 


(/ 


room 


= (3.0 m)(200m 2 ) = 600 m 3 


(/ = (/. 


room 


X ACH = (600 m 3 )(0.35/h) = 210 m 3 / h = 210,000 L/h = 3500 I, /min 


The volume flow rate of fresh air can be expressed as 
0 = VA = V(ttD 2 / 4) 

Solving for the diameter D and substituting, 



0.35 ACH 


D = 


41/ 


nV \ 


4(210/3600 m 3 /s) 


7r( 4 m/s) 


0.136 m 


House 


200 rtf 


Therefore, the diameter of the fresh air duct should be at least 13.6 cm if the velocity of air is not to exceed 4 m/s. 
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Flow Work and Energy Transfer by Mass 


5-10 


5-18C Energy can be transferred to or from a control volume as heat, various forms of work, and by mass. 


5-19C Flow energy or flow work is the energy needed to push a fluid into or out of a control volume. Fluids at rest do not 
possess any flow energy. 


5-20C Flowing fluids possess flow energy in addition to the forms of energy a fluid at rest possesses. The total energy of a 
fluid at rest consists of internal, kinetic, and potential energies. The total energy of a flowing fluid consists of internal, 
kinetic, potential, and flow energies. 


5-21E A water pump increases water pressure. The flow work required by the pump is to be determined. 

Assumptions 1 Flow through the pump is steady. 2 The state of water at the pump inlet is saturated liquid. 3 The specific 
volume remains constant. 

Properties The specific volume of saturated liquid water at 10 psia is 


= lopsia =0.01659 ft /lbm (Table A-5E) 

Then the flow work relation gives 
w 4 

iu w z. z. ii v z. i y 

1 Btu 


flow ~ P 2 U 2 P \ U \ -V(P 2 P\) 

= (0.01659 ft 3 /lbm)(50-10)psia 

= 0.1228 Btu/lbm 


5.404 psia - ft 



Water 
10 psia 


5-22 An air compressor compresses air. The flow work required by the compressor is to be determined. 


Assumptions 1 Flow through the compressor is steady. 2 Air 
is an ideal gas. 

Properties The gas constant of air is R = 0.287 kPa-m 3 /kg-K 
(Table A- 1). 

Analysis Combining the flow work expression with the ideal 
gas equation of state gives 

Wflow = P 2^2 ~ P \V\ 

= R(T 2 -T i) 

= (0.287 kJ/kg • K)(400 - 20)K 

= 109 kJ/kg 


1 MPa 
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5-23E Steam is leaving a pressure cooker at a specified pressure. The velocity, flow rate, the total and flow energies, and 
the rate of energy transfer by mass are to be determined. 


Assumptions 1 The flow is steady, and the initial start-up period is disregarded. 2 The kinetic and potential energies are 
negligible, and thus they are not considered. 3 Saturation conditions exist within the cooker at all times so that steam leaves 
the cooker as a saturated vapor at 20 psia. 

Properties The properties of saturated liquid water and water vapor at 20 psia are Vf = 0.01683 ft /lbm, = 20.093 ft /lbm, 
u g = 1081.8 Btu/lbm, and h g = 1 156.2 Btu/lbm (Table A-5E). 


Analysis (a) Saturation conditions exist in a pressure cooker at all times after the steady operating conditions are 
established. Therefore, the liquid has the properties of saturated liquid and the exiting steam has the properties of saturated 
vapor at the operating pressure. The amount of liquid that has evaporated, the mass flow rate of the exiting steam, and the 
exit velocity are 


m = 


m = 


A liquid 


0.6 gal 


^ 0.13368 ft 3 ^ 


1 / 


/ 


0.01683 ft 3 /lbm 


lgal 


= 4.766 lbm 


fin 


m 4.766 lbm 


At 45 min 


= 0.1059 lbm/min = 1.765 xl O' 3 lbm/s 


m m v g (1.765 x 10" 3 lbm/s)(20.093 ft J /lbm) 


V = 


pA 


8 c 


A . 


0.15 in 


144 in 
lft 2 


2 ^ 


= 34.1 ft/s 


H 2 0 
Sat. vapor 
P = 20 psia 


Q 


(b) Noting that h = u + Pi/ and that the kinetic and potential energies are disregarded, the flow and total energies of the 
exiting steam are 

e flow =Pv = h -u = 1156.2-1081.8 = 74.4 Btu/lbm 
6 = h + ke + pe = h- 1156.2 Btu/lbm 

Note that the kinetic energy in this case is ke = V 2 /2 = (34.1 ft/s) 2 12 = 581 ft 2 /s 2 = 0.0232 Btu/lbm, which is very small 
compared to enthalpy. 

(c) The rate at which energy is leaving the cooker by mass is simply the product of the mass flow rate and the total energy 
of the exiting steam per unit mass, 

Pmass = wO = (1-765 x 10 -3 lbm/s)( 1 1 56.2 Btu/lbm) = 2.04 Btu/s 

Discussion The numerical value of the energy leaving the cooker with steam alone does not mean much since this value 
depends on the reference point selected for enthalpy (it could even be negative). The significant quantity is the difference 
between the enthalpies of the exiting vapor and the liquid inside (which is hf g ) since it relates directly to the amount of 
energy supplied to the cooker. 
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5-24 Air flows steadily in a pipe at a specified state. The diameter of the pipe, the rate of flow energy, and the rate of 
energy transport by mass are to be determined. Also, the error involved in the determination of energy transport by mass is 
to be determined. 


Properties The properties of air are R = 0.287 kJ/kg.K 
and c p = 1.008 kJ/kg.K (at 350 K from Table A-2b) 

Analysis ( a ) The diameter is determined as follows 


RT 

v = 

P 


(0.287 kJ/kg.K)(77 + 273 K) 
(300 kPa) 


0.3349 m 3 /kg 


300 kPa Air 25 rn/s 

77°C * 18kg/min 


A = ^ = ( 18 / 60 k g /s)(0-3349 m /kg) = 2 


V 


25 m/s 


g=J 4A = 4(0.004018 m -) =a()715m 

7T V 71 

(b) The rate of flow energy is determined from 

M/ |low = thPv = (18/60 kg/s)(300kPa)(0.3349 m 3 /kg) = 30.14 kW 

(c) The rate of energy transport by mass is 

-2 


r 


£ mas S = m( h + ke) = m 


1 ' 


c„T h — V 

P 9 

v 2 y 


= (18/60 kg/s) 

= 105.94 kW 


1 


(1.008 kJ/kg.K)(77 + 273 K) + -(25 m/s)' 

2 


1 kJ/kg 


2/2 


1000 m /s 


(i d) If we neglect kinetic energy in the calculation of energy transport by mass 

£ mass = mh = me p T = (18/60 kg/s)(1.005 kJ/kg.K)(77 + 273 K) = 105.84 kW 

Therefore, the error involved if neglect the kinetic energy is only 0.09%. 
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Steady Flow Energy Balance: Nozzles and Diffusers 
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5-25C No. 


5-26C It is mostly converted to internal energy as shown by a rise in the fluid temperature. 


5-27C The kinetic energy of a fluid increases at the expense of the internal energy as evidenced by a decrease in the fluid 
temperature. 


5-28C Heat transfer to the fluid as it flows through a nozzle is desirable since it will probably increase the kinetic energy of 
the fluid. Heat transfer from the fluid will decrease the exit velocity. 
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5-29 Air is decelerated in a diffuser from 230 m/s to 30 m/s. The exit temperature of air and the exit area of the diffuser are 
to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with variable specific 
heats. 3 Potential energy changes are negligible. 4 The device is adiabatic and thus heat transfer is negligible. 5 There are 
no work interactions. 

Properties The gas constant of air is 0.287 kPa.nrVkg.K (Table A-l). The enthalpy of air at the inlet temperature of 400 K 
is h x = 400.98 kJ/kg (Table A-17). 

Analysis (a) There is only one inlet and one exit, and thus m x = m 2 = m . We take diffuser as the system, which is a control 

volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


^in ^out 


A E. 


710 (steady) 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in “ ^out 


m(h x + V x / 2) = m(h 2 + V| IT) (since Q = W = Ape = 0) 


0 = h 2 — h x + 


V, 2 -V, 2 



or, 


YtyL - 400.98 U/kg - (30 -(B0 m/s) 


2 r 1 kJ/kg N 
v 1000 m 2 /s 2 j 


= 426.98 kJ/kg 


From Table A-17, 

T 2 = 425.6 K 

(b) The specific volume of air at the diffuser exit is 

_RT 2 _ (o.287 kPa-m 3 /kg-K)(425.6K) 
2 ~ P 2 (lOOkPa) 

From conservation of mass, 


1.221 m 3 /kg 


m = — A 2 V 2 > A 2 = ^ = (0000/3600k 8 /s)(1.221 m -Vkg) =0||678 ^ 

«/ 2 V 2 30 m/s 
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5-30 Air is accelerated in a nozzle from 45 m/s to 180 m/s. The mass flow rate, the exit temperature, and the exit area of the 
nozzle are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with constant specific 
heats. 3 Potential energy changes are negligible. 4 The device is adiabatic and thus heat transfer is negligible. 5 There are 
no work interactions. 


Properties The gas constant of air is 0.287 kPa.m 3 /kg.K (Table A-l). 
The specific heat of air at the anticipated average temperature of 450 
K is c p = 1.02 kJ/kg.°C (Table A-2). 

Analysis (a) There is only one inlet and one exit, and thus 
m x - m 2 = m . Using the ideal gas relation, the specific volume and 

the mass flow rate of air are determined to be 



100 kPa 
180 m/s 




RT X 


(0.287 kPa-m 3 /kg-K)(473 K) 
300 kPa 


0.4525 m 3 /kg 


m = — A X V X = 


1 


t/, 


0.4525 m/kg 


(0.01 10 m 2 )(45 m/s) = 1.094 kg/s 


(b) We take nozzle as the system, which is a control volume since mass crosses the boundary. The energy balance for this 
steady-flow system can be expressed in the rate form as 


^in ^out 


A E. 


710 (steady) 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 


m(h x + V x / 2) = m(h 2 + V 2 12) (since Q = W = Ape = 0) 

0 = h 2 -h l+ V -^ >0 = c Pime {T 2 -T l )+ 


Vi -Vf 


Substituting, 


0 = (1.02 kJ/kg • K)(T 2 


200° C) + 


(180 m/s) 2 -(45 m/s) 2 ' 


1 kJ/kg 


v 1000m 2 /s 2 J 


It yields 

T 2 = 185.2°C 

(c) The specific volume of air at the nozzle exit is 

t . _ RT i _ (0.287 kPa-m 3 /kg-K)(l 85.2 + 273 K) _ 1 ^ 5m3/1 _ 

V2 ~~P7~ 100 kPa ~ ' m 8 

m = —A 2 V 2 > 1.094 kg/s = l — A, (l 80 m/s) — > A, = 0.00799 m 2 = 79.9 cm 2 

^2 ‘ ‘ 1.315 m 3 /kg 
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2 o • • • 

as the inlet area varies from 50 cm to 150 cm is to be investigated, and the final results are to be plotted against the inlet 
area. 

Analysis The problem is solved using EES, and the solution is given below. 


Function HCal(WorkFluid$, Tx, Px) 

"Function to calculate the enthalpy of an ideal gas or real gas" 

If 'Air' = WorkFluid$ then 

HCal:=ENTHALPY(Air I T=Tx) "Ideal gas equ." 
else 

HCal:=ENTHALPY(WorkFluid$,T=Tx, p=p x )"Real gas equ." 
endif 

end HCal 

"System: control volume for the nozzle" 

"Property relation: Air is an ideal gas" 

"Process: Steady state, steady flow, adiabatic, no work" 

"Knowns - obtain from the input diagram" 

WorkFluid$ = 'Air' 

T[1] = 200 [C] 

P[1] = 300 [kPa] 

Vel[1] = 45 [m/s] 

P[2] = 100 [kPa] 

Vel[2] = 180 [m/s] 

A[1]=1 10 [cm A 2] 

Am[1]=A[1]*convert(cm A 2,m A 2) 

"Property Data - since the Enthalpy function has different parameters 
for ideal gas and real fluids, a function was used to determine h." 
h[1]=HCal(WorkFluid$,T[1],P[1]) 
h[2]=HCal(WorkFluid$,T[2],P[2]) 

"The Volume function has the same form for an ideal gas as for a real fluid." 

v[1]=volume(workFluid$,T=T[1],p=P[1]) 

v[2]=volume(WorkFluid$,T=T[2],p=P[2]) 

"Conservation of mass: " 
m_dot[1]= mdot[2] 

"Mass flow rate" 
m_dot[1 ]=Am[1 ]*Vel[1 ]/v[1 ] 
m_dot[2]= Am[2]*Vel[2]/v[2] 

"Conservation of Energy - SSSF energy balance" 
h[1]+Vel[1] A 2/(2*1000) = h[2]+Vel[2] A 2/(2*1000) 

"Definition" 

A_ratio=A[1]/A[2] 

A[2]=Am[2]*convert(m A 2,cm A 2) 
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Al 2 
[cm 1 

[cm 1 

mi 

[kg/s] 

t 2 

[Cl 

50 

36.32 

0.497 

185.2 

60 

43.59 

0.5964 

185.2 

70 

50.85 

0.6958 

185.2 

80 

58.12 

0.7952 

185.2 

90 

65.38 

0.8946 

185.2 

100 

72.65 

0.9941 

185.2 

110 

79.91 

1.093 

185.2 

120 

87.18 

1.193 

185.2 

130 

94.44 

1.292 

185.2 

140 

101.7 

1.392 

185.2 

150 

109 

1.491 

185.2 



w 

O) 
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5-32E Air is accelerated in an adiabatic nozzle. The velocity at the exit is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with constant specific 
heats. 3 Potential energy changes are negligible. 4 There are no work interactions. 5 The nozzle is adiabatic. 

Properties The specific heat of air at the average temperature of (700+645)/2=672.5 °F is c p = 0.253 Btu/lbm-R (Table A- 
2E b). 

Analysis There is only one inlet and one exit, and thus m x - m 2 = m . We take nozzle as the system, which is a control 

volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


^in ^out 


A E 


710 (steady) 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Em ~ E out 

m( h\ + V\ / 2) = fh{h 2 + V 2 /2) 
l h +Vf 12 =h 2 + V 2 2 /2 


Solving for exit velocity, 

Vf +2(/i, -h 2 ) 




0.5 


Vf+2c p (T l -T 2 ) 


0.5 



(80 ft/s) 2 + 2(0.253 Btu/lbm • R)(700 - 645)R 

= 838.6 ft/s 


25,037 f t 2 / s 2 ^ 

1 Btu/lbm 


-i 0.5 


5-33 Air is decelerated in an adiabatic diffuser. The velocity at the exit is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with constant specific 
heats. 3 Potential energy changes are negligible. 4 There are no work interactions. 5 The diffuser is adiabatic. 

Properties The specific heat of air at the average temperature of (20+90)/2=55 X =328 K is c p = 1.007 kJ/kg-K (Table A- 
2b). 


Analysis There is only one inlet and one exit, and thus m x - m 2 = m . We take diffuser as the system, which is a control 

volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


^in ^out 


A E 


710 (steady) 


system 


= 0 


Rate of net energy transfer R a t e of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in “ ^out 


m(h x + V X / 2) = m(h 2 + V 2 12) 


h x +VJ 2 / 2 = h 2 +V 2 2 /2 


Solving for exit velocity, 


V, = 


0.5 


V x +2(h x ~h 2 )\ = \V X +2c p (T x - T 2 ) 


0.5 



(500 m/s) 2 + 2(1 .007 kJ/kg • K)(20 - 90)K 

= 330.2 m/s 


1000 m 2 /s 2 ^ 
1 kJ/kg 


n0.5 


200 kPa 
90°C 
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5-34 Heat is lost from the steam flowing in a nozzle. The velocity and the volume flow rate at the nozzle exit are to be 
determined. 

Assumptions 1 This is a steady-flow process since there is no 
change with time. 2 Potential energy change is negligible. 3 
There are no work interactions. 

Analysis We take the steam as the system, which is a control 
volume since mass crosses the boundary. The energy balance 
for this steady-flow system can be expressed in the rate form as 

Energy balance: 



^in ^out 


ac 1 71 0 (steady) 
system 


-0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


m 


^in “ ^out 

2 T 


h x + 


Vi 


2 


= m 


h 2 + 


Yl 

2 


2 '\ 


+ Q out since W = Ape = 0) 


or 


h x + 


V, 


-h 2 + 


V 


2 ^out 


2 2 m 

The properties of steam at the inlet and exit are (Table A-6) 


P x = 800 kPa 
T x = 400°C 


P 2 = 200 kPa 
T x = 300°C 


c/ x = 0.38429 m 3 /kg 
h x = 3267.7 kJ/kg 

t/ 2 = 1.31623 m 3 /kg 


^ =3072.1 kJ/kg 
The mass flow rate of the steam is 


m = — A X V X = 


t/, 


—(0.08 m 2 )(10 m/s) = 2.082 kg/s 

0.38429 m 3 /s 


Substituting, 


3267.7 kJ/kg + 


(10m/s) 2 f 1 kJ/kg 


2 


2/2 


1000 m /s 


= 3072.1 kJ/kg + ^ 2 


2 


1 kJ/kg 


1000 m 2 /s 2 


+ 


25 kJ/s 
2.082 kg/s 


= 606 m/s 


The volume flow rate at the exit of the nozzle is 

0 2 =mv 2 = (2.082 kg/s)( 1.3 1623 m 3 /kg) = 2.74 m 3 /s 
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5-35 Steam is accelerated in a nozzle from a velocity of 40 m/s to 300 m/s. The exit temperature and the ratio of the 
inlet-to-exit area of the nozzle are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 
3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 


Properties From the steam tables (Table A-6), 

J°i = 3 MPa 1 i/j = 0.09938 m 3 /kg 
T x = 400°C J } h =3231.7 kJ/kg 


Analysis ( a ) There is only one inlet and one exit, and thus m x = = m . We take nozzle as the system, which is a control 

volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


^in ^out 


A E, 


710 (steady) 


system 


= 0 


Rate ot net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in “ ^out 


m(h x + V x / 2) = m(h 2 + V 2 /2) (since Q = W = Ape = 0) 


0 = h 2 - h x + 


V o -v , 2 


P { = 3 MPa 
T\ = 400°C 
Vi = 40 m/s 



P 2 = 2.5 MPa 
V 2 = 300 m/s 


or, 


, 2 ^ -^ = 3231.7 kJ/kg - (3 ° 0m/S)2 - (40m/S) 
2 2 


2 ( 1 kJ/kg A 


v 1000m 2 /s 2 j 


= 3187.5 kJ/kg 


Thus, 

P 2 = 2.5 MPa 1 T 2 = 376. 6°C 

Ih = 3187.5 kJ/kg i/ 2 = 0.11533 m 3 /kg 


(b) The ratio of the inlet to exit area is determined from the conservation of mass relation. 


A 2 V 2 ~ A 1 V 1 

v 2 v x 


a l= v 1 _V 1 

A 2 " 2 Vi 


(0.09938 m 3 /kg)(300 m/s) 4g 
(0.11533 m 3 /kg)(40 m/s) 
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5-36E Air is decelerated in a diffuser from 600 ft/s to a low velocity. The exit temperature and the exit velocity of air are to 
be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with variable specific 
heats. 3 Potential energy changes are negligible. 4 The device is adiabatic and thus heat transfer is negligible. 5 There are 
no work interactions. 

Properties The enthalpy of air at the inlet temperature of 50°F is h x = 121.88 Btu/lbm (Table A-17E). 

Analysis (a) There is only one inlet and one exit, and thus m x = m 2 = m . We take diffuser as the system, which is a control 

volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


^in ^out 


A E. 


710 (steady) 


system 


= 0 


Rate ot net energy transfer Rate 0 f change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 


m(h x + V x / 2) = m(h 2 + V 2 12) (since Q = W = Ape = 0) 


0 = h 2 —h x + 


Vj ~V? 
2 



or, 


h 2 = h x - 


v'i 1 2 ~^i 2 
2 


= 121.88 Btu/lbm - 


0 - (600 ft/s) : 


2 


1 Btu/lbm 

25,037 ft 2 /s 2 


= 129.07 Btu/lbm 


j 


From Table A-17E, 

T 2 = 540 R 

(b) The exit velocity of air is determined from the conservation of mass relation, 


^ 2^2 “ ^ 1^1 > „ ^ 2^2 ~ n A \ V l 


V 


l/i 


rt 2 /p 2 


RT X / P x 


Thus, 


at 2 p 

V 2 = 1 2 —V x 
A 2 T x P 2 


1 (540 R)(13 psia) 

4 (510R)(14.5 psia) 


(600 ft/s) - 142 ft/s 
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5-37 C0 2 gas is accelerated in a nozzle to 450 m/s. The inlet velocity and the exit temperature are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 C0 2 is an ideal gas with variable specific 
heats. 3 Potential energy changes are negligible. 4 The device is adiabatic and thus heat transfer is negligible. 5 There are 
no work interactions. 

Properties The gas constant and molar mass of C0 2 are 0. 1889 kPa.m 3 /kg.K and 44 kg/kmol (Table A-l). The enthalpy of 
C0 2 at 500°C is h { = 30,797 kJ/kmol (Table A-20). 


Analysis (a) There is only one inlet and one exit, and thus m x = m 2 = m . Using the ideal gas relation, the specific volume is 
determined to be 


KJ, = (o. 1889 kPa-m 3 /kg- K )(773 K) = 0 ^ m3 
P x 1000 kPa 


Thus, 


m - — AjV, 




mc/j 

X 



0.146 m 


40 x l(T 4 m 2 



60.8 m/s 



(b) We take nozzle as the system, which is a control volume since mass crosses the boundary. The energy balance for this 
steady-flow system can be expressed in the rate form as 


^in ^out 

V, J 

V 

Rate of net energy transfer 
by heat, work, and mass 


a b 7,0 (steady) 
system 

Vs J 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 


^in — ^out 


m(h x + V x / 2) = m(h 2 + V 2 2 /2) (since Q = W = Ape = 0) 


0 = h 2 - h x + 


U 2 2 -Vj 2 


Substituting, 


y 2 - v 2 

h 2 =h\ M 


= 30,797 kJ/kmol 


(450 m/s) 2 - (60.8 m/s) 2 f 1 kJ/kg N 


1000 m 2 /s 2 


(44 kg/kmol) 


= 26,423 kJ/kmol 

Then the exit temperature of C0 2 from Table A-20 is obtained to be T 2 = 685.8 K 
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5-38 R-134a is accelerated in a nozzle from a velocity of 20 m/s. The exit velocity of the refrigerant and the ratio of the 
inlet-to-exit area of the nozzle are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 
3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 

Properties From the refrigerant tables (Table A- 13) 


and 


Pi = 700 kPa I i/, = 0.043358 m 3 /kg 
T x = 120°C J h x = 358.90 kJ/kg 


P 2 = 400 kPa } i/ 2 = 0.056796 m 3 /kg 
T 2 = 30°C j h 2 = 275.07 kJ/kg 



Analysis (a) There is only one inlet and one exit, and thus m x = m 2 = m . We take nozzle as the system, which is a control 

volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


^in ^out 

v. J 

V 

Rate of net energy transfer 
by heat, work, and mass 


a h 710 (steady) 
system 


= 0 


v 

Rate of change in internal, kinetic, 
potential, etc. energies 


^in — ^out 


rh(h x + V x / 2) = m(h 2 + V 2 2 /2) (since Q = W = Ape = 0) 


0 = h 2 - h x + 


Vo 2 -v, 2 


Substituting, 

0 = (275.07 - 358.90)kJ/kg + ~^° m/ ^ 


2 f 1 kJ/kg ) 


2,2 


1000 m z /s 


It yields 

V 2 = 409.9 ni/s 


( b ) The ratio of the inlet to exit area is determined from the conservation of mass relation. 


^2^2 “ Ak'l 

l / 2 t/j 


A_ = 

A 2 v 2 V! 


(o. 043358 m 3 /kg)(409.9 m/s) _ g5 

(0.056796 m 3 /kg)(20 m/s) 
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5-39 Nitrogen is decelerated in a diffuser from 275 m/s to a lower velocity. The exit velocity of nitrogen and the ratio of the 
inlet-to-exit area are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Nitrogen is an ideal gas with variable 
specific heats. 3 Potential energy changes are negligible. 4 The device is adiabatic and thus heat transfer is negligible. 5 
There are no work interactions. 

Properties The molar mass of nitrogen is M = 28 kg/kmol (Table A-l). The enthalpies are (Table A- 18) 

T x = 7°C = 280 K -> h x = 8141kJ/kmol 
T 2 = 27°C = 300 K -> h 2 = 8723 kJ/kmol 

Analysis (a) There is only one inlet and one exit, and thus m x = m 2 = m . We take diffuser as the system, which is a control 

volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


^in ^out 


A E. 


710 (steady) 


system 


= 0 


Rate ot net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in “ ^out 


m(h x + V x / 2) = m(h 2 + V 2 12) (since Q = W = Ape = 0) 


0 = h 2 - h x + 


V 2 _y2 h2 _ hx V 2 _y2 , 


2 


M 


Substituting, 
0 = 


_ (8723 - 8141) kJ/kmol V 2 - (275 m/s) 


2 r 1 kJ/kg N 


28 kg/kmol 


v 1000 m 2 /s 2 j 



It yields 


V 2 = 185 m/s 

(b) The ratio of the inlet to exit area is determined from the conservation of mass relation. 


A 2 y 2 - AjVj 

V 2 


A- 


Yi 

V, 


RT X / P x 
RT , IP 


Vr 


2 J 


Vi 


or, 


A 

^2 


T\/P\ 


A 


(280 K/60 kPa)(l85 m/s) gg ^ 
(300 K/85 kPa)(200 m/s) ~ 
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5-40 Problem 5-39 is reconsidered. The effect of the inlet velocity on the exit velocity and the ratio of the inlet-to- 

exit area as the inlet velocity varies from 210 m/s to 350 m/s is to be investigated. The final results are to be plotted against 
the inlet velocity. 

Analysis The problem is solved using EES, and the solution is given below. 


Function HCal(WorkFluid$, Tx, Px) 

"Function to calculate the enthalpy of an ideal gas or real gas" 

If 'N2' = WorkFluid$ then 

HCal:=ENTHALPY(WorkFluid$,T=Tx) "ideal gas equ." 
else 

HCal:=ENTHALPY(WorkFluid$,T=Tx, P=Px)"Real gas equ." 
endif 

end HCal 

"System: control volume for the nozzle" 

"Property relation: Nitrogen is an ideal gas" 

"Process: Steady state, steady flow, adiabatic, no work" 

"Knowns" 

WorkFluid$ = 'N2' 

T[1] = 7 [C] 

P[1] = 60 [kPa] 

“Vel[1 ] = 275 [m/s]” 

P[2] = 85 [kPa] 

T[2] = 27 [C] 

"Property Data - since the Enthalpy function has different parameters 
for ideal gas and real fluids, a function was used to determine h." 
h[1]=HCal(WorkFluid$,T[1],P[1]) 
h[2]=HCal(WorkFluid$,T[2],P[2]) 

"The Volume function has the same form for an ideal gas as for a real fluid." 

v[1]=volume(workFluid$,T=T[1],p=P[1]) 

v[2]=volume(WorkFluid$,T=T[2],p=P[2]) 

"From the definition of mass flow rate, m_dot = A*Vel/v and conservation of mass the area ratio A_Ratio = 
A_1/A_2 is:" 

A_Ratio*Vel[1]/v[1] =Vel[2]/v[2] 

"Conservation of Energy - SSSF energy balance" 
h[1]+Vel[1] A 2/(2*1000) = h[2]+Vel[2] A 2/(2*1000) 
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Veh 

Vel 2 

^Ratio 

300 p 

[m/s] 

[m/s] 


_ 

210 

50.01 

0.3149 

- 

224 

92.61 

0.5467 

250 

238 

122.7 

0.6815 

_ 

252 

148 

0.7766 

- 

266 

170.8 

0.8488 

200 

280 

191.8 

0.9059 


294 

211.7 

0.9523 

“ 

308 

230.8 

0.9908 

150 

322 

249.2 

1.023 

2 

336 

267 

1.051 


350 

284.4 

1.075 

100 


50 












200 220 240 260 280 300 320 340 360 

Vel[1] [m/s] 



Vel[1] [m/s] 
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5-41 R-134a is decelerated in a diffuser from a velocity of 120 m/s. The exit velocity of R- 134a and the mass flow rate of 
the R-134a are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 
3 There are no work interactions. 


Properties From the R-134a tables (Tables A-l 1 through A- 13) 


and 


P x = 800 kPa 
sat.vapor 


</ x = 0.025621 m 3 /kg 
h x = 267.29 kJ/kg 


2 kJ/s 


R-134a 


P 2 = 900 kPa 
T 2 = 40°C 


t/ 2 = 0.023375 m 3 /kg 
h 2 =274.17 kJ/kg 


Analysis (a) There is only one inlet and one exit, and thus m x - m 2 = m . Then the exit velocity of R- 134a is determined 
from the steady-flow mass balance to be 

3 


A 2 V 2 - A X V X 


v 


V 


T7 ^2 A x, 1 (0.023375 m /kg) / x . 

->V 2 = — — Vi = — — —(120 m/s) = 60.8 m/s 

" “ ' 1.8 (0.025621 m 3 /kg) 


i/i A 2 


(b) We take diffuser as the system, which is a control volume since mass crosses the boundary. The energy balance for this 
steady-flow system can be expressed in the rate form as 


^in ^out 


A E. 


710 (steady) 


system 


= 0 


Rate of net energy transfer R a t e of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

E[ n = ^out 

Q m + m(h x + V x / 2) = m(h 2 + V 2 12) (since W = Ape = 0) 


Qm = m 


/ , vi-vp 

h 2 -h x +— - 

2 

v j 


Substituting, the mass flow rate of the refrigerant is determined to be 


2 kJ/s = m 


(274.17 -267.29)kJ/kg + 


(60.8 m/s) 2 -(120 m/s) 


2f 1 kJ/kg ^ 


v 1000 m 2 /s 2 yy 


It yields 


m = 1 .308 kg/s 
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5-42 Steam is accelerated in a nozzle from a velocity of 60 m/s. The mass flow rate, the exit velocity, and the exit area of 
the nozzle are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 
3 There are no work interactions. 


Properties From the steam tables (Table A-6) 

P x = 4 MPa I i/, = 0.07343 m 3 /kg 
7i = 400°C j /zj = 3214.5 kJ/kg 

and 


P 2 = 2 MPa \v 2 = 0.12551 m 3 /kg 
T 2 = 300°C J h 2 = 3024.2 kJ/kg 




Analysis (a) There is only one inlet and one exit, and thus in x = m 2 = m . The mass flow rate of steam is 


m = —V l A l = 

c/. 


1 


(60 m/s)(50x 10 4 m 2 ) = 4.085 kg/s 


0.07343 m /kg 


( b ) We take nozzle as the system, which is a control volume since mass crosses the boundary. The energy balance for this 
steady-flow system can be expressed in the rate form as 


^in ^out 


A E. 


710 (steady) 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

E[ n = -^out 

m(h x + V x / 2) = <2 0Ut + m(h 2 + V 2 2 /2) (since W = Ape = 0) 


-Gout = ™ 


\ t v, Z -y 2 ^ 

h 7 - h x + — - 

2 

v j 


Substituting, the exit velocity of the steam is determined to be 

- 75 kJ/s = (4.085 kg/s|3024.2 - 32 14.5 + V 2 - (60 m/s) 


1 kJ/kg 




2,2 


1000 m z /s 


J) 


It yields 

V 2 = 589.5 m/s 

(c) The exit area of the nozzle is determined from 


m - — - V 2 A 2 

C/o 


■> A 2 - 


tin/ 2 (4.085 kg/s)(0. 12551 m 



F 7 


589.5 m/s 


= 8.70x10 4 m 2 
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Turbines and Compressors 


5-29 


5-43C Yes. 


5-44C The volume flow rate at the compressor inlet will be greater than that at the compressor exit. 


5-45C Yes. Because energy (in the form of shaft work) is being added to the air. 


5-46C No. 


5-47 R-134a at a given state is compressed to a specified state. The mass flow rate and the power input are to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 

Analysis We take the compressor as the system, which is a control volume since mass crosses the boundary. Noting that 
one fluid stream enters and leaves the compressor, the energy balance for this steady-flow system can be expressed in the 
rate form as 



Rate of net energy transfer 
by heat, work, and mass 


A E 


system 


<P0 (steady) 


V 

Rate of change in internal, kinetic, 
potential, etc. energies 


= 0 




+ mh x 



(since Ake = Ape = 0) 


W in =m(h 2 ~h 2 ) 


From R134a tables (Tables A-l 1, A- 12, A- 13) 

P x = 100 kPa 1 h x = 236.33 kJ/kg 
T, = -24°C J Vi = 0. 1947 m 3 /kg 


P 2 = 800 kPa 
T 2 = 60°C 



= 296.81 kJ/kg 


The mass flow rate is 


V, 


m = 


v, 


(1.35/ 60) m 3 /s 
0.1947 m 3 /kg 


= 0.1155 kg/s 


800 kPa 



Substituting, 

W m =m(h 2 — /z x ) = (0.1 155 kg/s)(296.8 1 - 236.33)kJ/kg = 6.99 kW 
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5-48 Saturated R-134a vapor is compressed to a specified state. The power input is given. The exit temperature is to be 
determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat transfer with the surroundings is negligible. 

Analysis We take the compressor as the system, which is a control volume since mass crosses the boundary. Noting that 
one fluid stream enters and leaves the compressor, the energy balance for this steady-flow system can be expressed in the 
rate form as 



Rate of net energy transfer 
by heat, work, and mass 


a p ^0 (steady) 

LACj system 

v, j 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 


= 0 



W- m + mh { = mh 2 


(since Ake = Ape = 0) 


W in =m(h 2 -h 2 ) 


From R134a tables (Table A- 12) 

P x =180 kPal /ij = 242.86 kJ/kg 
v, = 0 Vj = 0.1 104 m 3 /kg 


The mass flow rate is 


V, 


m = 


v, 


(0.35/60) m 3 /s 
0.1 104 m 3 /kg 


= 0.05283 kg/s 



Substituting for the exit enthalpy, 

^in = m (h 2 - h\ ) 

2.35 kW = (0.05283 kg/s)(/z 2 - 242.86)kJ/kg >h 2 =287.34 kJ/kg 


From Table A- 13, 


P 2 = 700 kPa 
h 2 =287.34 kJ/kg 



= 48.8°C 
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5-49 Steam expands in a turbine. The change in kinetic energy, the power output, and the turbine inlet area are to be 
determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 
3 The device is adiabatic and thus heat transfer is negligible. 


Properties From the steam tables (Tables A-4 through 6) 

Pi =6 MPa 1 c/j = 0.047420 m 3 /kg 
T x = 400°C J h x =3178.3 kJ/kg 


Pi = 6 MPa 
T\ = 400°C 
V! = 80 m/s 


P 2 = 40 kPa 
x 2 = 0.92 


h 2 =h f +x 2 h fg =317.62 + 0.92 x 2392.1 = 2318.5 kJ/kg 


.STEAM 
m = 12 ks/s 


Analysis (a) The change in kinetic energy is determined from 


A ke = 


V 2 - V x (50 m/s) 2 - (80 m/s) 2 ( 1 kJ/kg 


1000 m 2 /s 2 


= -1 .95 kJ/kg 


(b) There is only one inlet and one exit, and thus m { = m 2 = m . We take the turbine as the 

system, which is a control volume since mass crosses the boundary. The energy balance for 
this steady-flow system can be expressed in the rate form as 


^in ^out 


710 (steady) 


'system 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in “ ^out 


P 2 = 40 kPa 
x 2 = 0.92 
V 2 = 50 m/s 


m(h x + V x / 2) = W out + rh(h 2 + V 2 12) (since Q = Ape = 0) 

( . vf-y, 2 ) 


W out = -m h 2 - hi + 


Then the power output of the turbine is determined by substitution to be 

W out = -(20 kg/s)(23 18.5 - 3 178.3 - 1.95)kJ/kg = 14,590 kW = 14.6 MW 
(c) The inlet area of the turbine is determined from the mass flow rate relation, 

i=I ¥] > A, - ^ , (2° t g / s)(0-047420 m'Vkg) = (|(||| , mi 

v x V x 80 m/s 
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5-50 



Problem 5-49 is reconsidered. The effect of the turbine exit pressure on the power output of the turbine as the 


exit pressure varies from 10 kPa to 200 kPa is to be investigated. The power output is to be plotted against the exit pressure. 
Analysis The problem is solved using EES, and the solution is given below. 


"Knowns " 

T[1] = 450 [C] 

P[1] = 6000 [kPa] 

Vel[1] = 80 [m/s] 

P[2] = 40 [kPa] 

X 2=0.92 
Vel[2] = 50 [m/s] 
m_dot[1]=12 [kg/s] 

Fluid$='SteamJAPWS' 

"Property Data" 

h[1]=enthalpy(Fluid$,T=T[1],P=P[1]) 
h[2]=enthalpy(Fluid$,P=P[2],x=x_2) 
T[2]=temperature(Fluid$,P=P[2],x=x_2) S 

v[1]=volume(Fluid$,T=T[1],p=P[1]) H 

v[2]=volume(Fluid$,P=P[2],x=x_2) 

"Conservation of mass: " 
m_dot[1]= m_dot[2] 

"Mass flow rate" 
m_dot[1 ]=A[1 ]*Vel[1 ]/v[1 ] 
m_dot[2]= A[2]*Vel[2]/v[2] 



"Conservation of Energy - Steady Flow energy balance" 

m_dot[1]*(h[1]+Vel[1] A 2/2*Convert(m A 2/s A 2, kJ/kg)) = m_dot[2]*(h[2]+Vel[2] A 2/2*Convert(m A 2/s A 2, 
kJ/kg))+W_dot_turb*convert(MW,kJ/s) 

DELTAke=Vel[2] A 2/2*Convert(m A 2/s A 2, kJ/kg)-Vel[1] A 2/2*Convert(m A 2/s A 2, kJ/kg) 


p 2 

[kPal 

W tU rb 

[MW] 

t 2 

rci 

10 

10.95 

45.81 

31.11 

10.39 

69.93 

52.22 

10.1 

82.4 

73.33 

9.909 

91.16 

94.44 

9.76 

98.02 

115.6 

9.638 

103.7 

136.7 

9.535 

108.6 

157.8 

9.446 

112.9 

178.9 

9.367 

116.7 

200 

9.297 

120.2 
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5-51 Steam expands in a turbine. The mass flow rate of steam for a power output of 5 MW is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 


Properties From the steam tables (Tables A-4 through 6) 


P x = 10 MPa 
7] = 500°C 


\h x = 3375.1 kJ/kg 


P 2 = 10 kPa 
x 2 = 0.90 


\h2 = h f +x 2 h fg = 191.81 + 0.90 x 2392.1 = 2344.7 kJ/kg 


Analysis There is only one inlet and one exit, and thus m x - m 2 = m . We take the turbine as 

the system, which is a control volume since mass crosses the boundary. The energy balance 
for this steady-flow system can be expressed in the rate form as 


1 



T7 — J7 — AJ7 ^ (steady) _ 

Mn ^out — system — u 

^ v ' v V ' 

Rate of net energy transfer R a t e 0 f change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in “ ^out 

mh x - W out + mh 2 (since Q = A ke = Ape = 0) 
^out =-rh(h 2 -h x ) 


Substituting, the required mass flow rate of the steam is determined to be 
5000 kJ/s = -m(2344.7 -3375.1) kJ/kg >m = 4.852 kg/s 
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5-52E Steam expands in a turbine. The rate of heat loss from the steam for a power output of 4 MW is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 

1 

Properties From the steam tables (Tables A-4E through 6E) 


P x =1000psia 
T { = 900°F 


h x =1448.6 Btu/lbm 


P 2 = 5 psia 
sat.vapor 


h o =1130.7 Btu/lbm 


Analysis There is only one inlet and one exit, and thus m { = m 2 = m . We take the turbine as 

the system, which is a control volume since mass crosses the boundary. The energy balance 
for this steady-flow system can be expressed in the rate form as 

710 (steady) 


^in ^out 


A E. 


system 


= 0 


Rate of net energy transfer Rate 0 f change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

mh x = Q out + W out + mh 2 (since A ke = Ape = 0) 

Gout =-w(/z 2 -Ai)-W out 

Substituting, 

g out zz -(45000/3600 lbm/s)(l 130.7 - 144 8. 6) Btu/lbm - 4000 kJ/s 


r lBtu A 
1.055 kJ 



= 182.0 Btu/s 
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5-53 Air is compressed at a rate of 10 L/s by a compressor. The work required per unit mass and the power required are to 
be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Air is an ideal gas with constant specific heats. 

Properties The constant pressure specific heat of air at the average temperature of (20+300)/2=160°C=433 K is c p = 1.018 
kJ/kg-K (Table A-2b). The gas constant of air is R = 0.287 kPa-m 3 /kg-K (Table A-l). 

Analysis (a) There is only one inlet and one exit, and thus m x = rh 2 = m • We take the compressor as the system, which is a 

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


17 _ 17 _ a 17 (steady) _ ^ 

^in ^ out — system — u 

v V / v V ' 

Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

-^'in = ^out 

W in + mh x = mh 2 (since Ake = Ape = 0) 

W in = - h \ ) = mc p ( T 2 ~ T \ ) 


Thus, 


w in = Cp (T 2 - T x ) = ( : 1 . .0 : 1 ; 8 kJ/kg • K)(300 - 20)K = 285.0 k J/kg 


1 MPa 



(b) The specific volume of air at the inlet and the mass flow rate are 

= = (0.287 kPa ■ m 3 /kg • K)(20 + 273 K) = Q ^ ^ 

P { 120 kPa 


. 0 X 0.010m 3 /s 

m = — = 

0.7008 m 3 /kg 


0.01427 kg/s 


Then the power input is determined from the energy balance equation to be 

W in = me p (T 2 -T x ) = (0.01427 kg/s)(1.01 8 kJ/kg • K)(300 - 20)K = 4.068 kW 
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5-54 Argon gas expands in a turbine. The exit temperature of the argon for a power output of 190 kW is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 
3 The device is adiabatic and thus heat transfer is negligible. 4 Argon is an ideal gas with constant specific heats. 

Properties The gas constant of Ar is R = 0.2081 kPa.m 3 /kg.K. The constant pressure specific heat of Ar is c p = 0.5203 
kJ/kg-°C (Table A-2a) 


Analysis There is only one inlet and one exit, and thus m x = m 2 = m . The inlet specific volume of argon and its mass flow 
rate are 


</i = 


RT\ _ (o.2081 kPa • m 3 /kg ■ K\l23 K) 


R 


1600 kPa 


= 0.09404 m 3 /kg 


Thus, 


m = — A ] V { 
"l 


0.006 m 2 (55 m/s) = 3.509 kg/s 

0.09404 m 3 /kg 


We take the turbine as the system, which is a control volume since 
mass crosses the boundary. The energy balance for this steady-flow 
system can be expressed in the rate form as 



Rate of net energy transfer 
by heat, work, and mass 


a r 71 0 (steady) 
z_vc ' system 

V J 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 



A i = 60 cm 2 
P, = 1600 kPa 
T\ = 450°C 
V\ = 55 m/s 



P 2 = 150 kPa 
V 2 = 150 m/s 


m{h x + V x / 2) = W out + m(h 2 + V 2 /2) (since Q = Ape = 0) 


W out = ~m 


\ , vi-v*' 

h 2 -h x + 


2 


Substituting, 

190 kJ/s = -(3.509 kg/s) 


(0.5203 kJ/kg • °C)(T 2 - 450°C) + 


(150 m/s) 2 - (55 m/s) 


2 


1 kJ/kg 
1000 m 2 /s 2 


It yields 

T 2 = 327°C 
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5-55 Helium is compressed by a compressor. For a mass flow rate of 90 kg/min, the power input required is to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Helium is an ideal gas with constant specific heats. 


Properties The constant pressure specific heat of helium is c p = 5.1926 kJ/kg-K (Table A-2a). 


Analysis There is only one inlet and one exit, and thus m 1 = m 2 = m . We take the 

compressor as the system, which is a control volume since mass crosses the boundary. p 1 = 700 kPa 

The energy balance for this steady-flow system can be expressed in the rate form as r 2 = 430 K 


E m E ou{ 

v 

Rate of net energy transfer 
by heat, work, and mass 


a 17 ^0 (steady) 

system 

v, J 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 



W in + mh x = Q out + mh 2 (since Ake = Ape = 0) 

Win - Gout = >n( h 2 ->h) = me p (T 2 - J] ) 

Thus, 

Win =Qout+™ C p( T 2~ T l) 

= (90/6 0 kg/s)(20 kJ/kg) + (90/60 kg/s)(5. 1926 kJ/kg • K)(430 - 3 10)K 

= 965 kW 



73 = 310 K 
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5-56 C0 2 is compressed by a compressor. The volume flow rate of C0 2 at the compressor inlet and the power input to the 
compressor are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Helium is an ideal gas with variable specific heats. 4 The device is adiabatic and thus heat transfer is 
negligible. 

Properties The gas constant of C0 2 is R = 0. 1889 kPa.m /kg.K, and its molar mass is M = 44 kg/kmol (Table A-l). The 
inlet and exit enthalpies of C0 2 are (Table A-20) 


7] = 300 K -> h x = 9,43 1 kJ /kmol 
T 2 = 450 K -> h 2 = 15,483 kJ/kmol 


Analysis (a) There is only one inlet and one exit, and thus m x = m 2 = m . The inlet 
specific volume of air and its volume flow rate are 


^ RT i (0.1889kPa-m 3 /kg-K)(300 K) 

1 ~ P, 100 kPa 


= 0.5667 m /kg 


0 = mi/, = (0.5 kg/s)(0.5667 m 3 /kg) = 0.283 m 3 /s 


2 



(b) We take the compressor as the system, which is a control volume since mass crosses the boundary. The energy balance 
for this steady-flow system can be expressed in the rate form as 

17—17 — A J7 ^ (steady) _ 

y'in ^out — ^ -^system — u 

V v ' K V y 

Rate of net energy transfer R a t e of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in ~ ^out 

W- m + mh { = mh 2 (since Q = Ake = Ape = 0) 

W- m = rh(h 2 - h { ) = m(h 2 -h x )l M 


Substituting 

W„ - (°- 5 ^1(15.483-9.431 kJ/kmol) _ ^ kw 
44 kg/kmol 
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5-57 Air is expanded in an adiabatic turbine. The mass flow rate of the air and the power produced are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The turbine is well-insulated, and thus 
there is no heat transfer. 3 Air is an ideal gas with constant specific heats. 

Properties The constant pressure specific heat of air at the average temperature of (500+127)/2=3 14°C=587 K is c p = 1.048 
kJ/kg-K (Table A-2 b). The gas constant of air is R = 0.287 kPa-m 3 /kg-K (Table A-l). 

Analysis (a) There is only one inlet and one exit, and thus m x - m 2 - fh ■ We take the turbine as the system, which is a 

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


17 *7 a 17 ^*0 (steady) 

in ^out — system 

' v ' K V ' 

Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


^in — ^out 


m\ 


h x 


2 ^ 


= m 


hi 


2 ^ 


+ W. 


out 


J 


W out = m 


, . vf-v 2 2 ^ r 

h x - h 2 H I = m 


V 


J 


c p {T x -T 2 ) + -S 


V/ -V 


2 A 


V 


2 


1.3 MPa 
500°C 



The specific volume of air at the inlet and the mass flow rate are 




RT X (0.287 kPa • m 3 /kg • K)(500 + 273 K) 


P 


1300 kPa 


= 0.1707 m/kg 


m= A 1 V L= (0.2 m -X40 m / S ) =4688kg/s 
0.1707 m 3 /kg 

Similarly at the outlet, 


</ 2 = 


RT 2 (0.287 kPa • m 3 /kg • K)(127 + 273 K) 


Pi 


100 kPa 


= 1.148 m 3 /kg 



mi/ 2 



(46.88 kg/s)(l. 148 m 3 /kg) 


53.82 m/s 


(b) Substituting into the energy balance equation gives 



m 




Yi -vi 

2 


= (46.88 kg/s) 

= 18,300 kW 


(1.048 kJ/kg 


•K)(500-127)K 


(40 m/s) 2 -(53.82 m/s) 2 
2 


" 1 kJ/kg 3 

7000 m 2 /s 2 j 
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5-58E Air is expanded in an adiabatic turbine. The mass flow rate of the air and the power produced are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The turbine is well-insulated, and thus 
there is no heat transfer. 3 Air is an ideal gas with constant specific heats. 

Properties The constant pressure specific heat of air at the average temperature of (800+250)/2=525°F is c p = 0.2485 
Btu/lbm-R (Table A-2E b). The gas constant of air is R = 0.3704 psia-ft 3 /lbmR (Table A- IE). 

Analysis There is only one inlet and one exit, and thus m x = m 2 = fh • We take the turbine as the system, which is a control 

volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


17 17 a 17 ^*0 (steady) 

in ^out — system 

' v ' K V ' 

Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


^in — ^out 


m\ 


h x 


2 ^ 


= m 


h, -3 


2 ^ 


+w. 


out 


j 


Wout = m 


. . V{-Vp / 

h x - h 2 H I = m 


v 


2 


J 


C P (T\ -T 2 ) + — 


V, -V 


2 ^ 


V 


500 psia 



The specific volume of air at the exit and the mass flow rate are 

RT 2 (0.3704 psia • ft 3 /lbm- R)(250 + 460 R) 

{/-, = — - = = 4.383 tt J /lbm 

P 2 60 psia 


V, 


50 ft /s 


m - 


= 11.41 kg/s 


V, = 


4.383 ft /lbm 
m(/ 2 (1 1.41 lbm/s)(4. 383 ft 3 /lbm) 


A 


1.2 ft 


= 41.68 ft/s 


Similarly at the inlet, 

RT X (0.3704 psia • ft 3 /lbm - R)(800 + 460 R) 


v \ = 


P, 


500 psia 


= 0.9334 ft- 3 /lbm 


y = = (1 1.41 lbm/s)(0. 9334 ft 3 /lbm) _ ^ 75ft/ ^ 


Ai 


0.6 ft 


Substituting into the energy balance equation gives 


W out = m 


c 0 {T\ -T 2 ) + — 


V , 2 -Vp 


= (1 1.41 lbm/s) 


2 


(0.2485 Btu/lbm • R)(800 - 250)R 


(17.75 ft/s) 2 -(41.68 m/s) 
2 


1 Btu/lbm 

25,037 ft 2 /s 2 


= 1559 Btu/s = 1 645 kW 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



5-41 


5-59 Steam expands in a two-stage adiabatic turbine from a specified state to another state. Some steam is extracted at the 
end of the first stage. The power output of the turbine is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change 
with time. 2 Kinetic and potential energy changes are negligible. 3 The 
turbine is adiabatic and thus heat transfer is negligible. 

Properties From the steam tables (Tables A- 5 and A-6) 


P x = 5 MPa 
T x = 600°C 
P 2 = 0.5 MPa 
x 2 =1 
P 3 = 1 0 kPa 
x 2 = 0.85 


h x = 3666.9 kJ/kg 


h 2 =2748.1 kJ/kg 


*3 = h f + xh fg 

= 191.81 + (0.85)(2392.1) = 2225.1 kJ/kg 


Analysis We take the entire turbine, including the connection part 
between the two stages, as the system, which is a control volume since 
mass crosses the boundary. Noting that one fluid stream enters the 
turbine and two fluid streams leave, the energy balance for this steady- 
flow system can be expressed in the rate form as 


^in ^out 

V 

Rate of net energy transfer 
by heat, work, and mass 


<P0 (steady) 

system 


= 0 


v 

Rate of change in internal, kinetic, 
potential, etc. energies 


^in “ ^out 

m x h x =m 2 h 2 + m 3 h 3 +W 0Ut 

W out =m x (h\ -0.1 h 2 -0.9 h 3 ) 


5 MPa 
600°C 
20 kg/s 



2 kg/s 
sat. vap. 


Substituting, the power output of the turbine is 

^out =rh x (h x -0.1 h 2 -0.9 h 3 ) 

= (20 kg/s)(3666.9 - 0.1 x 2748.1 - 0.9 x 2225.1) kJ/kg 

= 27,790 kW 
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5-60 Steam is expanded in a turbine. The power output is given. The rate of heat transfer is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 

Properties From the steam tables (Table A-4, A5, A-6) 


P x = 6 MPa 
Z = 600°C 


h x =3658.8kJ/kg 


P 2 = 0.5 MPa 
T 2 = 200°C 


h 2 = 2855.8 kJ/kg 


Analysis We take the turbine as the system, which is a control volume since mass crosses the boundary. Noting that one 
fluid stream enters and leaves the compressor, the energy balance for this steady-flow system can be expressed in the rate 
form as 


^in ^out 


<P0 (steady) 


'system 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = -^out 

v x \ f v 2 ) ■ 

m h x +— =m h 2 + — — + W out + Q ou{ (since Ape = 0) 


. f V { 2 - V 2 

Gout - ~ W out + m 


Substituting, 


26 kg/s 
6 MPa 
600°C 


Turbine 


0.5 MPa 
200°C 


V\ - Vi 


Gout = -^out + m h \ - h 2 + 


= 20,000 kW + (26 kg/s) (3658.8 - 2855.8)kJ/kg + 


455 kW 


(0-180 m/s) 2 f 1 kJ/kg 
2 V 1000 m 2 /s 
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5-61 Helium at a specified state is compressed to another specified state. The power input is to be determined. 

Assumptions 1 This is a steady- flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Helium is an ideal gas. 

Properties The properties of helium are c p = 5.1926 kJ/kg-K and R = 2.0769 kPa-m 3 /kg-K (Table A-2 a). 

Analysis (a) There is only one inlet and one exit, and thus m x = m 2 = fh • We take the compressor as the system, which is a 

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 



Rate of net energy transfer 
by heat, work, and mass 


a 17 *0 (steady) 

system 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 


^in — -^out 


W in + mh x = mh 2 (since Ake = Ape = 0) 


W in = ™( h 2 ~ h l) = MCp ( T 2 - T \ ) 


The mass flow rate is determined from 


A \V\ _ A \V\ p \ _ (0- 1 m 2 )(15 m/s)(150 kPa) Q 369?1 /s 

Vi RT X (2.0769 kPa • m 3 /kg • K)(293 K) 


400 kPa 



Substituting, 

W in = me p (T 2 - T x )= (0.3697 kg/s)(5. 1926 kJ/kg • K)(200 - 20)K = 346 kW 
The flow power input is determined from 

W fw =m(P 2 v 2 - PjC/j) = mR(T 2 -T x )= (0.3697 kg/s)(2.0769 kJ/kg • K)(200 - 20)K = 1 38 kW 
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Throttling Valves 
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5-62C The temperature of a fluid can increase, decrease, or remain the same during a throttling process. Therefore, this 
claim is valid since no thermodynamic laws are violated. 


5-63C No. Because air is an ideal gas and h = h(T) for ideal gases. Thus if h remains constant, so does the temperature. 


5-64C If it remains in the liquid phase, no. But if some of the liquid vaporizes during throttling, then yes. 


5-65C Yes. 


5-66 Refrigerant- 1 34a is throttled by a capillary tube. The quality of the refrigerant at the exit is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat transfer to or from the fluid is negligible. 4 There are no work interactions involved. 

Analysis There is only one inlet and one exit, and thus m x = rh 2 = m . We take the throttling valve as the system, which is a 

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


f. _ p -a F 710 ( steady ) _ o 

^ in ^out — system — u 

^in “ ^out 

mh x = mh 2 
h x — h 2 

since Q = W = Ake = Ape = 0 . 

The inlet enthalpy of R- 134a is, from the refrigerant tables (Table A-l 1), 

T x = 50°C 
sat. liquid 

The exit quality is 

T 2 = -2 CPC 
h 2 = h x 


h x = h f = 123.49 kJ/kg 


h 2 ~ h f 123.49-25.49 ... 

!• x 2 = — = = 0.460 


h 


fg 


212.91 


50°C 

Sat. liquid 
PQ 



R-134a 


OJ 

-20°C 
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5-67 Steam is throttled from a specified pressure to a specified state. The quality at the inlet is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat transfer to or from the fluid is negligible. 4 There are no work interactions involved. 

Analysis There is only one inlet and one exit, and thus m x = m 2 = m . We take the throttling valve as the system, which is a 

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


T7 T7 - A/? 7,0 ( stead y) _ a 

^ in ^ out system w 

^in = ^out 


Throttling valve 


mh x = mh 2 

Steam 


lOOkPa 

h x — h 2 

2 MPa 



, 120°C 


Since Q = W = Ake = Ape = 0 . 

The enthalpy of steam at the exit is (Table A-6), 


P 2 = lOOkPa 
T 2 = 120°C 


h 2 = 2716.1 kJ/kg 


The quality of the steam at the inlet is (Table A-5) 


P x = 2000 kPa 
h x =h 2 = 2716.1 kJ/kg 


x i = 


h 2 ~h f 2716.1-908.47 


h 


fg 


1889.8 


0.957 
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5-68 



Refrigerant- 134a is throttled by a valve. The pressure and internal energy after expansion are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat transfer to or from the fluid is negligible. 4 There are no work interactions involved. 

Properties The inlet enthalpy of R- 134a is, from the refrigerant tables (Tables A-l 1 through 13), 


P x =0.8 MPa 
T x = 25°C 


/! l= /l /@25-C= 86 - 41kJ/k g 


Analysis There is only one inlet and one exit, and thus m x = m 2 = m . We take the throttling valve as the system, which is a 

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


17 _ j? — A J7 71 0 (steady) _ /-» 

^ in ^ out ^ system ^ 

^in “ ^out 

mh x = mh 2 
h x = h 2 

since Q = W = A ke = Ape = 0 . Then, 


Pi = 0.8 MPa 
T x = 25°C 
X) 




T 2 = -20°C 
(ll 2 = /!, ) 


h f = 25.49 kJ/kg, u f = 25.39 kJ/kg 
h e =238.41 kJ/kg u s =218.84 kJ/kg 


I 

D J 

T 2 = -20°C 


R-134a 


Obviously hf < h 2 <h g , thus the refrigerant exists as a saturated mixture at the exit state, and thus 

Pi = Ps&t (a), - 2 o°c = 132.82 kPa 


Also, 


Thus, 


x 2 = 


h 2 h 


h 


fg 


86.41-25.49 

212.91 


= 0.2861 


u 2 = u f +jc 2 u h =25.39 + 0.2861x193.45 = 80.74 kJ/kg 
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5-69 Steam is throttled by a well-insulated valve. The temperature drop of the steam after the expansion is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat transfer to or from the fluid is negligible. 4 There are no work interactions involved. 


Properties The inlet enthalpy of steam is (Tables A-6), 

h x =2988.1 kJ/kg 


P x = 8 MPa 
T x =350°C 


Analysis There is only one inlet and one exit, and thus m x - m 2 = m . We take the 

throttling valve as the system, which is a control volume since mass crosses the 
boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


in 


-^OUt 

- A F 

system 

Ein 

- F 
^ out 

mh x 

= mh 2 

h x 

= h 2 

Ake ; 

= Ape = 0 . 


710 (steady) 


= 0 


since Q = W = A ke = Ape = 0 . Then the exit temperature of steam becomes 


P x = 8 MPa 
T x = 350°C 
x 


Kh 


o J 

P 2 = 2 MPa 


HoO 


P 2 = 2 MPa 
{h 2 = hi ) 


T 2 =285°C 
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5-70 Problem 5-69 is reconsidered. The effect of the exit pressure of steam on the exit temperature after throttling as 

the exit pressure varies from 6 MPa to 1 MPa is to be investigated. The exit temperature of steam is to be plotted against 
the exit pressure. 

Analysis The problem is solved using EES, and the solution is given below. 


WorkingFluid$='Steam_iapws' "WorkingFluid can be changed to ammonia or other fluids" 
P_in=8000 [kPa] 

T_in=350 [C] 

P_out=2000 [kPa] 

"Analysis" 

m_dot_jn=m_dot_out "steady-state mass balance" 
m_dot_in=1 "mass flow rate is arbitrary" 

m_dotJn*hJn+Q_dot-W_dot-m_dot_out*h_out=0 "steady-state energy balance" 

Q_dot=0 "assume the throttle to operate adiabatically" 

W_dot=0 "throttles do not have any means of producing power" 
hJn=enthalpy(WorkingFluid$,T=TJn,P=P_in) "property table lookup" 
T_out=temperature(WorkingFluid$,P=P_out,h=h_out) "property table lookup" 
x_out=quality(WorkingFluid$,P=P_out,h=h_out) "x_out is the quality at the outlet" 

P[1]=P_in; P[2]=P_out; h[1]=h_in; h[2]=h_out "use arrays to place points on property plot" 


P out 

[kPa] 

Tout 

[C] 

1000 

270.5 

1500 

277.7 

2000 

284.6 

2500 

291.2 

3000 

297.6 

3500 

303.7 

4000 

309.5 

4500 

315.2 

5000 

320.7 

5500 

325.9 

6000 

331 



1000 2000 3000 4000 5000 6000 

P out [kPa] 
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5-71E Refrigerant- 134a is throttled by a valve. The temperature and internal energy change are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat transfer to or from the fluid is negligible. 4 There are no work interactions involved. 

Analysis There is only one inlet and one exit, and thus m x = m 2 = m . We take the throttling valve as the system, which is a 

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 



since Q = W = Ake = Ape = 0 . The properties are (Tables A-l IE through 13E), 


P x = 160psia 
x x = 0 


h x = 48.52 Btu/lbm 
u x = 48.10 Btu/lbm 

T x = 109.5°F 


P 2 = 30psia T 2 = 15.4°F 

h 2 = h x = 48.52 Btu/lbm j u 2 = 45.41 Btu/lbm 

AT = T 2 - T x =15.4 -109.5 = -94.1 °F 

A u = u 2 -u x = 45.41 - 48.10 = -2.7 Btu/lbm 

That is, the temperature drops by 94.1°F and internal energy drops by 2.7 Btu/lbm. 
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Mixing Chambers and Heat Exchangers 
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5-72C Under the conditions of no heat and work interactions between the mixing chamber and the surrounding medium. 


5-73C Under the conditions of no heat and work interactions between the heat exchanger and the surrounding medium. 


5-74C Yes, if the mixing chamber is losing heat to the surrounding medium. 


5-75 Hot and cold streams of a fluid are mixed in a mixing chamber. Heat is lost from the chamber. The energy carried 
from the mixing chamber is to be determined. 

Assumptions 1 This is a steady- flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work and heat interactions. 

Analysis We take the mixing device as the system, which is a control volume. The energy balance for this steady-flow 
system can be expressed in the rate form as 


^in ^out 


a ip 71 0 (steady) 
LACj system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

™-\e\ + »V 2 = '» 3<?3 + Gout 
From a mass balance 

m 3 = m { + rh 2 =5 + 15 = 20 kg/s 

Substituting into the energy balance equation solving for the 
exit enthalpy gives 


m l e l + m 2 e 2 = m 2 e 3 + Q 


out 


Cold stream 
15 kg/s 
50 kJ/kg 


Hot stream 
5 kg/s 
150 kJ/kg 



t 


^ = »V t +m 2 e 2 -Q out = (5 kg/s)(150 kJ/kg + (15 kg/s)(50 kJ/kg) - 5.5 kW = ?4 ? k J/kg 


m 


20 kg/s 
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5-76 A hot water stream is mixed with a cold water stream. For a specified mixture temperature, the mass flow rate of cold 
water is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The mixing chamber is well-insulated so that heat loss to the 
surroundings is negligible. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties 
are constant. 5 There are no work interactions. 

Properties Noting that T < P sat @ 2 sokPa = 127.41°C, the water in all three 
streams exists as a compressed liquid, which can be approximated as a 
saturated liquid at the given temperature. Thus, 

h\ = hf@ 8o°c = 335.02 kJ/kg 

h 2 = hf@ 2 o°c = 83.915 kJ/kg 

^3 = hf@ 42°c = 175.90 kJ/kg 

Analysis We take the mixing chamber as the system, which is a control 
volume. The mass and energy balances for this steady-flow system can 
be expressed in the rate form as 

Mass balance: 

a • 710 (steady) n v • . • 

m m ~ m out = ^system = 0 > m \ + m 2 = m 3 


T\ = 80°C 
m x = 0.5 kg/s 


H 2 0 

(P = 250 kPa) 
T 3 = 42°C 


T 2 = 20°C 
m2 





Energy balance: 


^out 

v j 

V 

Rate of net energy transfer 
by heat, work, and mass 


ac 1 <^0 (steady) 
system 

V J 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 


= 0 




m x h x + m 2 h 2 = m 3 /z 3 


(since Q = W = Ake = Ape = 0) 


Combining the two relations and solving for m 2 gives 
m { h x + m 2 h 2 = (m { + m 2 )/i 3 


h x - h 3 
h 3 - h 


Substituting, the mass flow rate of cold water stream is determined to be 


m 2 


(335.02 -175.90) kJ/kg 
(175.90 -83.915) kJ/kg 


(0. 5 kg/s) = 0.865 kg/s 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



5-52 


5-77E Liquid water is heated in a chamber by mixing it with saturated water vapor. If both streams enter at the same rate, 
the temperature and quality (if saturated) of the exit stream is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 

Properties From steam tables (Tables A-5E through A-6E), 

h x = h f @ 65 ° F = 33.08 Btu/lbm 

h 2 = h s @ 2 o P sia= 1156.2 Btu/lbm 

Analysis We take the mixing chamber as the system, which is a control volume since mass crosses the boundary. The 
mass and energy balances for this steady-flow system can be expressed in the rate form as 

Mass balance: 


in m m ouX 


in 

m j +m 2 


Energy balance: 


^in ^out 


. • 710 (steady) _ 

system 


= 0 


= m 


out 


m 3 =2 m 


m x = 


m 2 = m 


A E 


<P0 (steady) 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 


Ti = 65°F 


Sat. vapor 
m 2 = m\ 



m x h x + m 2 h 2 = m 3 /z 3 (since Q =W = Ake = Ape = 0) 


Combining the two gives 

mh x + mh 2 = 2 mh 3 or h 2 - [h x + h 2 )/ 2 
Substituting, 

h 3 = (33.08 + 1 156.2)/2 = 594.6 Btu/lbm 

At 20 psia, hf = 196.27 Btu/lbm and h g = 1 156.2 Btu/lbm. Thus the exit stream is a saturated mixture since h f < h 2 < h g . 
Therefore, 


and 


T 2 - T sat @ 20 psia - 228°F 


x 3 = 


h 3 -h f 594.6-196.27 


h 


fg 


1156.2-196.27 


= 0.415 
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5-78 Two streams of refrigerant- 134a are mixed in a chamber. If the cold stream enters at twice the rate of the hot stream, 
the temperature and quality (if saturated) of the exit stream are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 

Properties From R-134a tables (Tables A-l 1 through A- 13), 

h\ = hf@ 2o°c = 79.32 kJ/kg 

hi = h@ i MPa, 8o°c = 3 14.25 kJ/kg 

Analysis We take the mixing chamber as the system, which is a control volume since mass crosses the boundary. The 
mass and energy balances for this steady-flow system can be expressed in the rate form as 

Mass balance: 


ih m hi out ^hi S y Stem 


m in = m ont 


710 (steady) 


= 0 


m j + m 2 = hi 3 = 3 hi 2 since m x — 2 m 2 
Energy balance: 


-^in ^out 


A E 


<^0 (steady) 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 


T 2 = 80 



m x h x + hi 2 /i 2 = hi 3 /z 3 (since Q = W = Ake = Ape = 0) 


Combining the two gives 

2m 2 h x + m 2 h 2 = 3 rh 2 h 3 or h 3 = (2 h x + h 2 )/ 3 


Substituting, 

h 3 = (2x79.32 + 314.25)/3 = 157.63 kJ/kg 

At 1 MPa, hf= 107.32 kJ/kg and h g = 270.99 kJ/kg. Thus the exit stream is a saturated mixture since hf < h 3 < h g . 
Therefore, 

T 3 = T sat @ i MPa = 39.37°C 
and 

h^-h f 157 63-107 32 

x, = — = = 0.307 

3 h fg 270.99-107.32 
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5-79 ■ Bf “ Problem 5-78 is reconsidered. The effect of the mass flow rate of the cold stream of R- 134a on the temperature 
and the quality of the exit stream as the ratio of the mass flow rate of the cold stream to that of the hot stream varies from 1 
to 4 is to be investigated. The mixture temperature and quality are to be plotted against the cold-to-hot mass flow rate ratio. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

mfrac = 2 "mfrac =m_dot_cold/m_dot_hot= m_dot_1/m_dot_2" 

T[1]=20 [C] 

P[1]=1000 [kPa] 

T[2]=80 [C] 

P[2]=1000 [kPa] 
mdotl = m_f ra c* md ot_2 
P[3]=1000 [kPa] 
m_dot_1=1 

"Conservation of mass for the R134a: Sum of m_dot_in=m_dot_out" 
m_dot_1 + m_dot_2 =m_dot_3 

"Conservation of Energy for steady-flow: neglect changes in KE and PE" 
"We assume no heat transfer and no work occur across the control surface." 
E_dot_in - E_dot_out = DELTAE_dot_cv 
DELTAE_dot_cv=0 "Steady-flow requirement" 

Edot Jn=mdot1 *h[1 ] + m_dot_2*h[2] 

Ed ot_out= md ot_3* h [3] 

"Property data are given by:" 

h[1] =enthalpy(R134a,T=T[1],P=P[1]) 

h[2] =enthalpy(R134a,T=T[2],P=P[2]) 

T[3] =temperature(R134a,P=P[3],h=h[3]) 
x_3=QUALITY(R134a,h=h[3],P=P[3]) 


0.55 

0.5 

0.45 

0.4 


0.35 

CO 

* 0.3 

0.25 
0.2 
0.15 
0.1 

1 1.5 2 2.5 3 3.5 4 

mfrac 


mfrac 

t 3 

[Cl 

X 3 

i 

39.37 

0.5467 

1.25 

39.37 

0.467 

1.5 

39.37 

0.4032 

1.75 

39.37 

0.351 

2 

39.37 

0.3075 

2.25 

39.37 

0.2707 

2.5 

39.37 

0.2392 

2.75 

39.37 

0.2119 

3 

39.37 

0.188 

3.25 

39.37 

0.1668 

3.5 

39.37 

0.1481 

3.75 

39.37 

0.1313 

4 

39.37 

0.1162 
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5-80E Steam is condensed by cooling water in a condenser. The rate of heat transfer in the heat exchanger and the rate of 
condensation of steam are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 


Properties The specific heat of water is 1.0 Btu/lbm.°F (Table A-3E). The 
enthalpy of vaporization of water at 85°F is 1045.2 Btu/lbm (Table A-4E). 


Analysis We take the tube-side of the heat exchanger where cold water is 
flowing as the system, which is a control volume. The energy balance for 
this steady-flow system can be expressed in the rate form as 


^in ^out 

V j 

V 

Rate of net energy transfer 
by heat, work, and mass 


a 17 ^0 (steady) 

system 

V J 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 


= 0 



Q [n + mh x - mh 2 (since Ake = Ape = 0) 
A =mc p (T 2 -T l ) 


Then the rate of heat transfer to the cold water in this heat exchanger becomes 


\ 

n 


Steam 

85°F 


<£ 










2 ) 


2 ) 


2 ) 

2 ) 


85°F 


u 

i 


73°F 


60°F 

Water 


Q = [me p (: T out -T in )] water = (138 lbm/s)(1.0 Btu/lbm. o F)(73 o F-60°F) - 1794 Btu/S 


Noting that heat gain by the water is equal to the heat loss by the condensing steam, the rate of condensation of the steam in 
the heat exchanger is determined from 


Q (mhfg ) steam ^^steam 



1794 Btu/s 
1045.2 Btu/lbm 


1.72 Ibm/s 
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5-81 Steam is condensed by cooling water in the condenser of a power plant. If the temperature rise of the cooling water is 
not to exceed 10°C, the minimum mass flow rate of the cooling water required is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 Heat loss from the device to the surroundings is negligible and thus heat 
transfer from the hot fluid is equal to the heat transfer to the cold fluid. 5 Liquid water is an incompressible substance with 
constant specific heats at room temperature. 


Properties The cooling water exists as compressed liquid at both states, and its specific heat at room temperature is c = 4.18 
kJ/kg-°C (Table A-3). The enthalpies of the steam at the inlet and the exit states are (Tables A-5 and A-6) 


P 3 = 20 kPa 
x 3 = 0.95 
P 4 = 20 kPa 
sat. liquid 


>h 3 =h f + x 3 h fg = 25 1 .42 + 0.95 x 2357.5 = 2491.1 kJ/kg 
> h 4 = /if @20 kPa = 251.42 kJ/kg 


Analysis We take the heat exchanger as the system, which is a control volume. The mass and energy balances for this 
steady-flow system can be expressed in the rate form as 


Mass balance (for each fluid stream): 

710 (steady) _ q 

= m, 


-"i out = Arn system 


in 


out 


m x = m 2 = m w 


and m 3 =m 4 = m v 


Energy balance (for the heat exchanger): 


^in ^out 

V. J 

V 

Rate of net energy transfer 
by heat, work, and mass 


a 17 71 0 (steady) 

Z - VC/ system 

V j 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 


= 0 


^in — ^out 

m x h x + m 3 h 3 = m 2 h 2 + m 4 h 4 (since Q = W = Ake = Ape = 0) 

Combining the two, 

m w (h 2 -h l ) = m s (h 3 -h 4 ) 

Solving for m w : 


n 


Steam 
20 kPa 


(s 

a 


Cc 




(E 

(£ 


2 ) 


2 ) 

3) 


3) 


u 

I 


Water 


m 


w 


h 3 -h 4 . 

m 

h 2 -h x 


h 3 -h 4 

— 7 \ m s 

Cpfa-Tj 


Substituting, 


m 


w 


(2491.1 -25 1.42)kJ/kg 
(4.18 kJ/kg- °C)(10°C) 


(20,000/3600 kg/s) = 297.7 kg/s 
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5-82 Ethylene glycol is cooled by water in a heat exchanger. The rate of heat transfer in the heat exchanger and the mass 
flow rate of water are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 


Properties The specific heats of water and ethylene glycol 
are given to be 4. 18 and 2.56 kJ/kg.°C, respectively. 

Analysis (a) We take the ethylene glycol tubes as the 
system, which is a control volume. The energy balance 
for this steady-flow system can be expressed in the rate 
form as 


Hot Glycol 


-^in ^out 

v. J 

V 

Rate of net energy transfer 
by heat, work, and mass 


A Z7 ^0 (steady) 
system 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 


= 0 




80°C 
3.2 kg/s 


^in — ^out 


mh x = <2 0Ut + mh 2 (since Ake = Ape = 0) 
Gout =mc p (T ] -T 2 ) 




t 


Cold Water 
20°C 


t 

on 


2 


40°C 


Then the rate of heat transfer becomes 

Q = [mc p (T m - T ou , )] glycol = (3.2 kg/s)(2.56 kj/kg.°C)(80°C - 40°C) = 327.7 kW 
( b ) The rate of heat transfer from glycol must be equal to the rate of heat transfer to the water. Then 

Q 327.7 kJ/s 


Q [me p (T out T m )] wa t er 




water 


(7-out - T m ) (4.18 kJ/kg.°C)(70°C - 20°C) 


1 .57 kg/s 
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5-83 ■ 6r “ Problem 5-82 is reconsidered. The effect of the inlet temperature of cooling water on the mass flow rate of 
water as the inlet temperature varies from 10°C to 40°C at constant exit temperature) is to be investigated. The mass flow 
rate of water is to be plotted against the inlet temperature. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

T_w[1]=20 [C] 

T_w[2]=70 [C] "w: water" 
m_dot_eg=2 [kg/s] "eg: ethylene glycol" 

T_eg[1]=80 [C] 

T_eg[2]=40 [C] 

C_p_w=4.18 [kJ/kg-K] 

C_p_eg=2.56 [kJ/kg-K] 

"Conservation of mass for the water: m_dot_wJn=m_dot_w_out=m_dot_w" 

"Conservation of mass for the ethylene glycol: m_dot_eg Jn=m_dot_eg_out=m_dot_eg" 

"Conservation of Energy for steady-flow: neglect changes in KE and PE in each mass steam" 
"We assume no heat transfer and no work occur across the control surface." 

E_dot_in - E_dot_out = DELTAE_dot_cv 
DELTAE_dot_cv=0 "Steady-flow requirement" 

Edot _Jn=m_dot_w*h_w[1 ] + mdoteg*heg[1] 

Edotout=mdotw*hw[2] + m_dot_eg*h_eg[2] 

Q_exchanged =m_dot_eg*h_eg[1] - m_dot_eg*h_eg[2] 

"Property data are given by:" 

h_w[1] =C_p_w*T_w[1] "liquid approximation applied for water and ethylene glycol" 
h_w[2] =Cpw*Tw[2] 
h_eg[1] =C_p_eg*T_eg[1] 
h_eg[2] =C_p_eg*T_eg[2] 


T w ,i 

[C] 

m w 

[kg/s] 

10 

1.307 

15 

1.425 

20 

1.568 

25 

1.742 

30 

1.96 

35 

2.24 

40 

2.613 
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5-84 Oil is to be cooled by water in a thin-walled heat exchanger. The rate of heat transfer in the heat exchanger and 
the exit temperature of water is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 

Properties The specific heats of water and oil are given to be 4. 18 
and 2.20 kJ/kg.°C, respectively. 

Analysis We take the oil tubes as the system, which is a control 
volume. The energy balance for this steady-flow system can be 
expressed in the rate form as 

E - E - A E 7,0 ^ steady ) - 0 

^in ^out — system — 

V v / v V J 

Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in “ ^out 

mh x = Q out + mh 2 (since Ake = Ape = 0) 

Gout =m c p(T \-T 2 ) 

Then the rate of heat transfer from the oil becomes 

Q = [mc p (T m -r out )] oil = (2 kg/s)(2.2 kJ/kg.°C)(150°C - 40°C) = 484 kW 


Cold 
water " 
22°C 
1.5 kg/s 




Hot oil 
150°C 
2 kg/s 



40°C 


Noting that the heat lost by the oil is gained by the water, the outlet temperature of the water is determined from 


Q = [mc p ( r cml -7| n )] 


water 


^^out - ^in + 


Q 


= 22°C + 


484 kJ/s 


171 (' 

"^water ^ p 


(1.5 kg/s)(4. 1 8 kJ/kg.°C) 


= 99.2°C 
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5-85 Cold water is heated by hot water in a heat exchanger. The rate of heat transfer and the exit temperature of hot water 
are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 


Properties The specific heats of cold and hot water are given to be 4.18 and 4. 19 kJ/kg.°C, respectively. 


Analysis We take the cold water tubes as the system, which is a control 
volume. The energy balance for this steady-flow system can be expressed in 
the rate form as 


^in ^out 

V 7 

V 

Rate of net energy transfer 
by heat, work, and mass 


A E, 


710 (steady) 


system 


= 0 


Rate of change in internal, kinetic, 
potential, etc. energies 


^in — ^out 


Hot water 

100°C 
3 kg/s 


z. 


t 


Q m + mh x - ml ^2 (since Ake = Ape = 0) 

Gin = mC p( T 2- T \) 

Then the rate of heat transfer to the cold water in this heat exchanger becomes 

Q = [™c p (T out -TJ] coidwater = (0.60 kg/s)(4. 1 8 kJ/kg.°C)(45°C - 15°C) - 75.24 kW 


Cold 

Water 

15°C 


l 


Noting that heat gain by the cold water is equal to the heat loss by the hot water, the outlet temperature of the hot water is 
determined to be 


Q = [mc p (T m 


T Y| \T — T 

out / J hot water T out in 


-^ = 100°C 75 - 24kw 

mc p (3 kg/s)(4. 1 9 kJ/kg.°C) 


94.0°C 
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5-86 Air is preheated by hot exhaust gases in a cross-flow heat exchanger. The rate of heat transfer and the outlet 
temperature of the air are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 

Properties The specific heats of air and combustion gases are given to be 1.005 and 1.10 kJ/kg.°C, respectively. 

Analysis We take the exhaust pipes as the system, which is a control volume. The energy balance for this steady-flow 
system can be expressed in the rate form as 



v 

Rate of net energy transfer 
by heat, work, and mass 


AF 710 (steady) - 0 — > F. - E 

system u ^ ^m C 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 


mh x = <2 0Ut + mh 2 (since Ake = Ape = 0) 
Gout ='« C P (7| -T 2 ) 


Then the rate of heat transfer from the exhaust gases 
becomes 


Q = [mc p (T m -r out )] gas 
= (0.95 kg/s)(l.l kJ/kg.°C)(160°C - 95°C) 

= 67.93 kW 


The mass flow rate of air is 



pO 

m = 

RT 


(95 kPa)(0.6 m 3 /s) 
(0.287 kPa.m Vkg.K) x 293 K 


= 0.6778 kg/s 


Noting that heat loss by the exhaust gases is equal to the heat gain by the air, the outlet temperature of the air becomes 


Q = me (T c out - T c in ) > T c out = T c ia + AL = 20°C + 


67.93 kW 


me 


(0.6778 kg/s)( 1.005 kJ/kg.°C) 


= 120°C 
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y = ”h v 3 = 4 ’ il 3^3 = 4(2.1 lbm/s)(0.01651 ft Vlbm) = Q 17g g ft/s 
A 3 xD 2 ^r(0.5 ft) 2 

The mass flow rate at the exit is same while the exit velocity slightly increases when the exit temperature is 180°F instead 
of 120°F. 
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5-88E Air is heated in a steam heating system. For specified flow rates, the volume flow rate of air at the inlet is to 
be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 Heat loss from the device to the surroundings is negligible and thus heat 
transfer from the hot fluid is equal to the heat transfer to the cold fluid. 5 Air is an ideal gas with constant specific heats at 
room temperature. 

Properties The gas constant of air is 0.3704 psia.ft 3 /lbm.R (Table A- IE). The constant pressure specific heat of air is c p = 
0.240 Btu/lbm* °F (Table A-2E). The enthalpies of steam at the inlet and the exit states are (Tables A-4E through A-6E) 

P 3 = 30 psia 


T 3 = 400°F 
P 4 = 25 psia 
T 4 = 212°F 


\h 3 = 1237.9 Btu/lbm 


>h 4 = h f@2lT¥ = 180.21 Btu/lbm 


Analysis We take the entire heat exchanger as the system, which is a control volume. The mass and energy balances for 
this steady-flow system can be expressed in the rate form as 


Mass balance ( for each fluid stream ): 


m m - m out 


= Am (steady) = 0 

lA,n system u 


m in = m out 


m l = m 2 = m a and m 3 = hn 4 = hi 
Energy balance (for the entire heat exchanger): 


^in ^out 


a p ^0 (steady) 
LA£j system 


= 0 


Rate ot net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in “ ^out 

m x h x + m 3 h 3 = rh 2 h 2 + m 4 h 4 (since Q = W = Ake = Ape = 0) 
Combining the two, hn a [li 2 -h x )= hn s (h 3 - h 4 ) 

Solving for hn a : 


AIR 



m — 

" L a 


h 3 — h 4 . h 3 - h 4 


m s = 


h 2 ~ /2j C p 


fe-Ti) 


111 , 


Substituting, 


(1237.9-1 80.2 l)Btu/lbm , lrll 7 x ^ 7 

m „ = (15 lbm/min) = 1322 lb m/m in = 22.04 lb m/s 


(0.240 Btu/lbm • °F)(130 - 80)°F 


Also, 


i/i = 


RT X (0.3704 psia • ft Vlbm • R )(540 R) = ^ ^ 




14.7 psia 


Then the volume flow rate of air at the inlet becomes 

V y = m a vy = (22.04 lbm/s)(13.61 ft 3 /lbm) = 300 ft 3 /s 
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5-89 Two streams of cold and warm air are mixed in a chamber. If the ratio of hot to cold air is 1.6, the mixture temperature 
and the rate of heat gain of the room are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 

Properties The gas constant of air is R = 0.287 
kPa.m Vkg.K. The enthalpies of air are obtained 
from air table (Table A- 17) as 


h\ — h @280 K 

h 2 = h 


^room h 


280.13 kJ/kg 
307 K = 307.23 kJ/kg 
297 K = 297.18 kJ/kg 



Analysis (a) We take the mixing chamber as the 
system, which is a control volume since mass 
crosses the boundary. The mass and energy 
balances for this steady-flow system can be 
expressed in the rate form as 

Mass balance: 

rh m -m out = Arh system 7 ' 0 (steady) = 0— » m m = m out — >m 1 +1.6/^ = m 3 = 2.6 m x since m 2 = 1-6/^ 
Energy balance: 


24°C 


^in ^out 


A E 


710 (steady) 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

m x h x + m 2 h 2 = m 3 /z 3 (since Q = W = Ake = Ape = 0) 
Combining the two gives th x h x + 2.2 m x h 2 =3.2 m x h 3 or h 3 = (h x + 2.2 h 2 )/ 3.2 
Substituting, 

h 3 = (280.13 +2.2x 307.23)/3.2 = 298.76 kJ/kg 
From air table at this enthalpy, the mixture temperature is 
T 3 = T@ h = 298.76 kJ/kg = 298.6 K = 25.6°C 
(b) The mass flow rates are determined as follows 


(/i = 


m x = 


RT X (0.287 kPa • m 3 /kg • K)(7 + 273 K) 


P 


</ x _ 0.75 m-Vs 

0.7654 m 3 /kg 


105 kPa 


= 0.9799 kg/s 


= 0.7654 m 3 /kg 


m 3 =3.2 m x = 3.2(0.9799 kg/s) = 3.136 kg/s 
The rate of heat gain of the room is determined from 

Ggain =^ 3 (^room -^) = (3.136kg/s)(297.18-298.76)kJ/kg = -4.93 kW 
The negative sign indicates that the room actually loses heat at a rate of 4.93 kW. 
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5-90 A heat exchanger that is not insulated is used to produce steam from the heat given up by the exhaust gases of an 
internal combustion engine. The temperature of exhaust gases at the heat exchanger exit and the rate of heat transfer to the 
water are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 Exhaust gases are assumed to have air properties with constant specific 
heats. 


Properties The constant pressure specific heat of the exhaust gases is taken to be c p = 1.045 kJ/kg°C (Table A-2). The inlet 
and exit enthalpies of water are (Tables A-4 and A-5) 


T = 1 5°C 1 

1 w,in 1 J ^ 

v = 0 (sat. liq.) 

Pw.ont = 2 MPa 
v = 1 (sat. vap.) 


h 


w,in 



w,out 


62.98 kJ/kg 
= 2798.3 kJ/kg 


Analysis We take the entire heat exchanger as the system, which 
is a control volume. The mass and energy balances for this 
steady-flow system can be expressed in the rate form as 

Mass balance (for each fluid stream): 


m m ni QU[ 


= A m 710 (steady) - 
system 


= 0 


-> m m = m out 


Exh. gas 
400°C 


2 MPa 
sat. vap. 



Water 

15°C 


Energy balance (for the entire heat exchanger): 


-^in ^out 


A E 


710 (steady) 


system 


= 0 


Rate of net energy transfer R ate of change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in — ^out 


'»extAxh,in + '<K,m = '»exlAxh,out + KA,out + Gout ( since W = Ake = Ape = 0) 


or 


f ^c\h ^'/G'exh.in f ^n^w,in ,,i exh c / 7 2 exh.out ^vv^w.out Gout 


(1) 


Noting that the mass flow rate of exhaust gases is 15 times that of the water, substituting gives 
15m w (1.045 kJ/kg. °C)(400°C) + m w (62.98 kJ/kg) 

= 15m w (1 .045 kJ/kg. 0 C)r exhi0Ut + m w (2798.3 kJ/kg) + Q, 

The heat given up by the exhaust gases and heat picked up by the water are 

Q ex h = f’hxhC p (T exhM -r exhout ) = 15w w (1.045kJ/kg.°C)(400-r exhout )°C (2) 


-out 


Qw = >< (/Vout - K,m ) = '«w (2798.3 - 62.98)kJ/kg 


( 3 ) 


The heat loss is 


Q-out /heat loss Qexh ^'^Qexh (^) 

The solution may be obtained by a trial-error approach. Or, solving the above equations simultaneously using EES 
software, we obtain 

r exh ,out = 206.1 °C, <2 W = 97.26 kW, m w = 0.03556 kg/s, m exh =0.5333 kg/s 
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5-91 A chilled-water heat-exchange unit is designed to cool air by water. The maximum water outlet temperature is to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 Heat loss from the device to the surroundings is negligible and thus heat 
transfer from the hot fluid is equal to the heat transfer to the cold fluid. 5 Air is an ideal gas with constant specific heats at 
room temperature. 

Properties The gas constant of air is 0.287 kPa.nrVkg.K (Table A-l). The constant pressure specific heat of air at room 
temperature is c p = 1.005 kJ/kg-°C (Table A-2 a). The specific heat of water is 4.18 kJ/kg-K (Table A-3). 

Analysis The water temperature at the heat exchanger exit will be maximum when all the heat released by the air is picked 
up by the water. First, the inlet specific volume and the mass flow rate of air are 


v i 


m 


a 


RT X 

A 

A 

v \ 


(0.287 kPa • m 3 /kg • K)(303 K) 
100 kPa 


5 m 3 /s 

0.8696 m 3 /kg 


5.750 kg/s 


0.8696 m 3 /kg 


We take the entire heat exchanger as the system, which is a control volume. The mass and energy balances for this steady- 
flow system can be expressed in the rate form as 

Mass balance ( for each fluid stream ): 

"'in “"'out = ^"system™ (S ‘ ea<ly) = "'in = "'out "'l = "'3 = "'« and '»2 = "'4 = "'»■ 


Energy balance (for the entire heat exchanger): 


^in -^out 


A E 


710 (steady) 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

m ] h ] + m 2 h 2 = m 3 h 3 + m 4 h 4 (since Q = W = Ake = Ape = 0) 

Combining the two, 

m a (h i ~h 3 ) = m w (h 4 - h 2 ) 

" l a C pA T \ - W = ,h w C p,w( T 4 ~ T 2) 

Solving for the exit temperature of water, 

(5.750 kg/s)(1.005 kJ/kg -°C)(30 -18)°C 


T 4 - T 2 + 


lh a C p,a Ch ~h) 


= 8°C + 


m w C p,w 


(2 kg/s)(4.18 kJ/kg -°C) 


= 16.3°C 
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5-92 Refrigerant- 134a is condensed in a condenser by cooling water. The rate of heat transfer to the water and the mass 
flow rate of water are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work and heat interactions between the condenser and the surroundings. 

Analysis We take the condenser as the system, which is a control volume. The energy balance for this steady-flow system 
can be expressed in the rate form as 


-^in ^out 


710 (steady) 


'system 


Water, m 


Rate of net energy transfer R a te of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

m R h x + m w h 3 = m R h 2 + m w h 4 
m R (h t -h 2 ) = m w (h 4 ~h 3 ) = m w c p (T 4 - T 3 ) 



Refrigerant, m R 


If we take the refrigerant as the system, the energy balance can be written as 


^in ^out 


A 17 (steady) 

ZAC/ system 


Rate of net energy transfer R a te of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

E\n = Eout 


m R h x =m R h 2 + Gout 
Gout =rh R (h i -h 2 ) 

(a) The properties of refrigerant at the inlet and exit states of the condenser are (from Tables A-l 1 through A- 13) 


P x = 1200 kPa 
P = 85°C 


h x = 316.73 kJ/kg 


P 2 = 1200kPa 

^2 = ^sat@1200kPa “ ^^subcool = 46.3 - 6.3 = 40°C 
The rate of heat rejected to the water is 

Gout = ™R Oh ~ h 2 ) = (0-042 kg/s)(3 16.73 - 108.26)kJ/kg = 8.76 kW = 525 kJ/min 
(b) The mass flow rate of water can be determined from the energy balance on the condenser: 
Gout =™W C P AT W 

8.76 kW = m w ( 4. 1 8 kJ/kg • °C)(12°C) 
m w = 0.175 kg/s = 10.5 kg/min 

The specific heat of water is taken as 4. 18 kJ/kg-°C (Table A-3). 


* h 2 =. h j- 4Q°(^ ~ 108.26 kJ/kg 
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5-93 Refrigerant-22 is evaporated in an evaporator by air. The rate of heat transfer from the air and the temperature change 
of air are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work and heat interactions between the evaporator and the surroundings. 

Analysis We take the condenser as the system, which is a control volume. The energy balance for this steady-flow system 
can be expressed in the rate form as 


^"in ^out 


A E 


710 (steady) 


system 


= 0 


Rate of net energy transfer R a te of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in — ^out 

m R h { + m a h 3 = m R h 2 + m a h 4 
m R (h 2 -h 1 ) = m a (h 3 -h 4 ) = m a c p AT a 


Air, 



If we take the refrigerant as the system, the energy balance can 
be written as 


^in -^out 


A E 


710 (steady) 


system 


= 0 


Rate of net energy transfer R a te of change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in = ^out 
™R h l +2in =' h R h 2 

Gin =m R (h 2 -h x ) 

(a) The mass flow rate of the refrigerant is 
V x (2.25/ 3600) m 3 /s 


m R = — = 
v i 


0.0253 m /kg 
The rate of heat absorbed from the air is 


= 0.02472 kg/s 


Gin =rh R (h 2 -h { ) = (0.02472 kg/s)(398.0 - 220.2)kJ/kg = 4.39 kW 

(b) The temperature change of air can be determined from an energy balance on the evaporator: 

Ql = m R ( /! 3 ~h 2 ) = m a c p (T a i - T a 2 ) 

4.39 kW = (0.5 kg/s)(1.005 kJ/kg • °C)A T a 
A T a =8.7°C 

The specific heat of air is taken as 1.005 kJ/kg-°C (Table A-2). 
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5-94 Two mass streams of the same idela gas are mixed in a mixing chamber. Heat is transferred to the chamber. Three 
expressions as functions of other parameters are to be obtained. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 

Analysis (a) We take the mixing device as the system, which is a control volume. The energy balance for this steady-flow 
system can be expressed in the rate form as 


^in ^out 


A 77 *0 (steady) 

system 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^"in — ^out 

m\h\ + m 2 h 2 + Q m = m 3 h 3 


From a mass balance, 
m 3 = m l + m 2 


Cold gas 



Hot gas 


Since h-c p T , 


Then 


m\C„T [ + ?h 2 c T 2 +Q- m = m 3 c p T 3 


m, m 1 Q- 
T 3 = —T l + —T 2 +-^2- 

m 3 m 3 m 3 c p 


(b) Expression for volume flow rate: 

• • RT i 

v 3 - m 3 v 3 = m 3 


ihiR m, m 1 Q- 

</ 3 = l -T x + T 2 + ^2— 

P 3 { m 3 m 3 m 3 C p 


p 3 = p x =P 2 = P 


V m \ RT \ , m 2 RT 2 | RQ ia 
Pi p 2 Pzc p 


+ V + 


(c) If the process is adiabatic, then 


(/ 3 = v l +</ 2 
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Pipe and duct Flow 


5-70 


5-95 Heat is supplied to the argon as it flows in a heater. The exit temperature of argon and the volume flow rate at the exit 
are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 

• *3 

Properties The gas constant of argon is 0.2081 kPa.nr/kg.K. The constant pressure specific heat of air at room temperature 
is c p = 0.5203 kJ/kg-°C (Table A-2 a). 

Analysis (a) We take the pipe(heater) in which the argon is heated as the system, which is a control volume. The energy 
balance for this steady-flow system can be expressed in the rate form as 


^in ^out 

V, j 

V 

Rate of net energy transfer 
by heat, work, and mass 


a p 7,0 ( stead y) 
system 

y j 

v 

Rate of change in internal, kinetic, 
potential, etc. energies 


^in £out 

mh\ + Q m = mh 2 

Gin =m(h 2 -h x ) 
Gin =mc p (T 2 - 7 1 ) 


100 kPa, 300 K 
6.24 kg/s 



100 kPa 


Substituting and solving for the exit temperature, 


Gi 


r, =r, +^- = 300K + 


150 kW 


1 mc p (6.24 kg/s)(0.5203 kJ/kg • K) 

(b) The exit specific volume and the volume flow rate are 


= 346.2 K = 73.2°C 


t/o = 


RT 2 (0-2081 kPa - m 02 3 /kg • K) (346.2K) = ^ m 3 /kg 


P 


100 kPa 


0 2 = mv 2 = (6.24 kg/s)(0.8266 m 3 /kg) = 4.50 m 3 /s 
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5-96 Saturated liquid water is heated in a steam boiler at a specified rate. The rate of heat transfer in the boiler is to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 

Analysis We take the pipe in which the water is heated as the system, which is a control volume. The energy balance for 
this steady-flow system can be expressed in the rate form as 


^in ^out 

v* J 

V 

Rate of net energy transfer 
by heat, work, and mass 


a 77 710 (steady) 

system 

V, 7 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 


= o 




mh i + g in = mh 2 


Qin =m(h 2 ~hi) 


2 MPa, sat. liq. 
4 kg/s 



Water 

► 


2 MPa 
250°C 


The enthalpies of water at the inlet and exit of the boiler are (Table A-5, A-6). 


P { = 2 MPa 
v = 0 

P 2 = 2 MPa 
T 2 = 250°C 


h\ = @2 MPa - 908.47 kJ/kg 

>h 2 =2903.3 kJ/kg 


Substituting, 

Q. m = (4 kg/s)(2903.3 - 908.47)kJ/kg = 7980 kW 


5-97E Saturated liquid water is heated in a steam boiler. The heat transfer per unit mass is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 

Analysis We take the pipe in which the water is heated as the system, which is a control volume. The energy balance for 
this steady-flow system can be expressed in the rate form as 


T7 — T7 — \T7 ^ (steady) 

^in -^out — system 

' v ' V V ' 

Rate of net energy transfer Rate of change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

-^in — ^out 

m/ij + Q m = mh 2 

Qin =m(h 2 -hi) 

q in =h 2 -/?! 


500 psia, 
sat. liq. 


^in 


Water 





500 psia 
600°F 


The enthalpies of water at the inlet and exit of the boiler are (Table A-5E, A-6E). 


P x = 500 psia 
x = 0 


\h\ = hf@ 500 psia 


449.5 lBtu/lbm 


P 2 = 500 psia 
T 2 = 600°F 


\h 2 = 1298.6 Btu/lbm 


Substituting, 

q m =1298.6-449.51 =849.1 Btu/lbm 
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5-98 Air at a specified rate is heated by an electrical heater. The current is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The heat losses from the air is negligible. 

Properties The gas constant of air is 0.287 kPa.m 3 /kg.K (Table A-l). The constant pressure specific heat of air at room 
temperature is c p = 1.005 kJ/kg*°C (Table A-2 a). 

Analysis We take the pipe in which the air is heated as the system, which is a control volume. The energy balance for this 
steady-flow system can be expressed in the rate form as 



Rate of net energy transfer 
by heat, work, and mass 


E; 


in 


mh x +W ein 


w 

rr e,in 

V/ 


A 77 71 0 (steady) 

system 

v. J 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 



mh 2 


m(h 2 ~ h\) 
mc p (T 2 -T x ) 


100 kPa, 15°C 
0.3 m 3 /s 



100 kPa 
30°C 


The inlet specific volume and the mass flow rate of air are 


c/i = 


m = 


RT X (0.287 kPa • m 3 /kg • K)(288 K) 


Pi 


0.3 nr /s 


100 kPa 


= 0.3629 kg/s 


= 0.8266 m 3 /kg 


V\ 0.8266 m 3 /kg 

Substituting into the energy balance equation and solving for the current gives 


/ = 


™c p (T 2 -T x ) (0.3629 kg/s)(l. 005 kJ/kg-K)(30-15)K 


y 


110V 


1000 VI 
lkJ/s 


49.7 Amperes 
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5-99E The cooling fan of a computer draws air, which is heated in the computer by absorbing the heat of PC circuits. The 
electrical power dissipated by the circuits is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 All the heat dissipated by the circuits are picked up by the air drawn by the fan. 

Properties The gas constant of air is 0.3704 psia-ftVlbm-R (Table A- IE). The constant pressure specific heat of air at room 
temperature is c p = 0.240 Btu/lbm-°F (Table A-2E a). 

Analysis We take the pipe in which the air is heated as the system, which is a control volume. The energy balance for this 
steady-flow system can be expressed in the rate form as 


^in -^out 


A E 


710 (steady) 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

At = Aut 

m/zj + A.in = mh 2 

Ain = ,h (h 2 -h { ) 

A, in =mc p (T 2 -T x ) 


14.7 psia, 70°F 
0.5 ft 3 /s 


w 

yv e,in 


Air 




14.7 psia 
80°F 


The inlet specific volume and the mass flow rate of air are 


c/i = 


m = 


RT X (0.3704 psia - ft /lbm-R)(530 R) 


Px 

(/, 


0.5 ft /s 


t'l 13.35 ft 3 /lbm 


14.7 psia 
= 0.03745 lbm/s 


= 13.35 fT/lbm 


Substituting, 


A, out = (0.03745 lbm/s)(0.240 Btu/lbm • R)(80 - 70)Btu/lbm 


lkW 


0.94782 Btu/s 


= 0.0948 kW 
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5-100 A desktop computer is to be cooled safely by a fan in hot environments and high elevations. The air flow rate of the 
fan and the diameter of the casing are to be determined. 

Assumptions 1 Steady operation under worst conditions is considered. 2 Air is an ideal gas with constant specific heats. 3 
Kinetic and potential energy changes are negligible. 


Properties The specific heat of air at the average temperature of T avg = (45+60)/2 = 52.5°C = 325.5 K is c p = 1.0065 
kJ/kg.°C. The gas constant for air is R = 0.287 kJ/kg.K (Table A-2). 

Analysis The fan selected must be able to meet the cooling requirements of the computer at worst conditions. Therefore, we 
assume air to enter the computer at 66.63 kPa and 45 °C, and leave at 60°C. 

We take the air space in the computer as the system, which is a control volume. The energy balance for this steady- 
flow system can be expressed in the rate form as 


17 _ 77 _ a 17 ^0 (steady) _ rv 

^in out — ^'system — ^ 

Rate of net energy transfer Rate of change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in “ ^out 

Q in + mh { = mh 2 (since Ake = Ape = 0) 

Gin = mc p (T 2 ~ T \) 

Then the required mass flow rate of air to absorb heat at a rate of 60 W is 
determined to be 



Q = mc p (T out - T m ) — » m = 


Q 


60 W 


c p (T m t ~T in ) (1006.5 J/kg.°C)(60-45)°C 


= 0.00397 kg/s = 0.238 kg/min 


The density of air entering the fan at the exit and its volume flow rate are 


P = 


P 


66.63 kPa 


V = — = 


RT (0.287 kPa.m 3 /kg.K)(60 + 273)K 
m 0.238 kg/min 3 


= 0.6972 kg/m 


= 0.341 m^/min 


p 0.6972 kg/m 


For an average exit velocity of 1 10 m/min, the diameter of the casing of the fan is determined from 

2 


G = A C V = 


nD 




4(/ (4)(0.341 m/min) 


ttV 


^■(1 10 m/min) 


= 0.063 m = 6.3 cm 
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5-101 A desktop computer is to be cooled safely by a fan in hot environments and high elevations. The air flow rate of the 
fan and the diameter of the casing are to be determined. 

Assumptions 1 Steady operation under worst conditions is considered. 2 Air is an ideal gas with constant specific heats. 3 
Kinetic and potential energy changes are negligible. 

Properties The specific heat of air at the average temperature of T aye = (45+60)/2 = 52.5°C is c p = 1.0065 kJ/kg.°C The gas 
constant for air is R = 0.287 kJ/kg.K (Table A-2). 

Analysis The fan selected must be able to meet the cooling requirements of the computer at worst conditions. Therefore, we 
assume air to enter the computer at 66.63 kPa and 45°C, and leave at 60°C. 

We take the air space in the computer as the system, which is a control volume. The energy balance for this steady- 
flow system can be expressed in the rate form as 

r _ r _ a 77 ^0 (steady) _ /-» 

fin ^out — system — u 

Rate ot net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in “ ^out 

Q m + mh l = mh 2 (since Ake = Ape = 0) 

Gin = mc p (T 2 -r,) 

Then the required mass flow rate of air to absorb heat at a rate of 100 W is 
determined to be 



Q = me p (7 0ut -T m ) 

Q 


100 w 


m = 


c p (T out -T in ) (1006.5 J/kg.°C)(60-45)°C 


= 0.006624 kg/s = 0.397 kg/min 


The density of air entering the fan at the exit and its volume flow rate are 


P 66.63 kPa 

RT (0.287 kPa.m 3 /kg.K)(60 + 273)K 



0.397 tg/min =0 57 m 3 ;min 
0.6972 kg/m 3 


0.6972 kg/m 3 


For an average exit velocity of 1 10 m/min, the diameter of the casing of the fan 

,2 


0 = A c V = ^—V 


->D = 


41/ (4)(0.57 m /min) 


nV 


7r{ 1 10 m/min) 


= 0.081 m = 


is determined from 

8.1 cm 
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5-102E Electronic devices mounted on a cold plate are cooled by water. The amount of heat generated by the electronic 
devices is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 About 15 percent of the heat generated is dissipated from the 
components to the surroundings by convection and radiation. 3 Kinetic and potential energy changes are negligible. 

Properties The properties of water at room temperature are p = 62. 1 lbm/ft 3 and c p = 1.00 Btu/lbm.°F (Table A-3E). 

Analysis We take the tubes of the cold plate to be the system, which is a control volume. The energy balance for this 
steady-flow system can be expressed in the rate form as 


^in ^out 

^ J 
V 

Rate of net energy transfer 
by heat, work, and mass 


af 7,0 (steady) 
ZA/Z/ system 

v. j 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 


^in ^out 

<2 in + mh] = mh 2 (since Ake = Ape = 0) 
Gin = mc p (T 2 -T\) 


Then mass flow rate of water and the rate of heat removal by the 
water are determined to be 


Cold plate Water 



m = pAV - p V = (62. 1 lbm/ft 3 ) ^ ^ ^ (40 ft/min) = 0.8483 lbm/min = 50.9 lbm/h 

4 4 

Q = mc p (T out -T m ) = (50.9 lbm/h)(1.00 Btu/lbm.°F)(105 - 70)°F = 1781 Btu/h 

which is 85 percent of the heat generated by the electronic devices. Then the total amount of heat generated by the 
electronic devices becomes 


• 1781 Btu/h ...... 

Q = = 2096 Btu/h = 614 W 

0.85 
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5-103 The components of an electronic device located in a horizontal duct of rectangular cross section are cooled by 
forced air. The heat transfer from the outer surfaces of the duct is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats at room temperature. 3 
Kinetic and potential energy changes are negligible 

Properties The gas constant of air is R = 0.287 kJ/kg.°C (Table A-l). The specific heat of air at room temperature is c p = 
1.005 kJ/kg.°C (Table A-2). 


Analysis The density of air entering the duct and the mass flow rate are 


P = 


P 


101.325 kPa 


RT (0.287 kPa.m 3 /kg.K)(30 + 273)K 


= 1.165 kg/m 


40°C 

X' 


m = pO = (1.165 kg/m J )(0.6m 3 / min) = 0.700 kg/min 

We take the channel, excluding the electronic components, to be 
the system, which is a control volume. The energy balance for 
this steady-flow system can be expressed in the rate form as 


Air 

30°C 


^in ^out 


A E 


710 (steady) 


system 


= 0 



Rate ot net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

Q in + mh { = mh 2 (since Ake = Ape = 0) 
Gin =m c p(T 2 -T\) 


Then the rate of heat transfer to the air passing through the duct becomes 

2 air = [mc p (T out - r in )] air = (0.700/60 kg/s)(l. 005 kJ/kg.°C)(40- 30)°C = 0.117 kW = 117 W 

The rest of the 180 W heat generated must be dissipated through the outer surfaces of the duct by natural convection and 
radiation, 

Gexternal = Gtotal " Qinternal = 1 80 - 1 17 = 63 W 
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5-104 The components of an electronic device located in a horizontal duct of circular cross section is cooled by forced air. 
The heat transfer from the outer surfaces of the duct is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats at room temperature. 3 
Kinetic and potential energy changes are negligible 

Properties The gas constant of air is R = 0.287 kJ/kg.°C (Table A-l). The specific heat of air at room temperature is c p = 
1.005 kJ/kg.°C (Table A-2). 

Analysis The density of air entering the duct and the mass flow rate are 


P = 


P 


101.325 kPa 


RT (0.287 kPa.m 3 /kg.K)(30 + 273)K 


= 1.165 kg/m 


m = pO = (1.165 kg/m 3 )(0.6 m 3 / min) = 0.700 kg/min 


We take the channel, excluding the electronic components, to be the system, which is a control volume. The energy balance 
for this steady-flow system can be expressed in the rate form as 


^in -^out 

V j 

V 

Rate of net energy transfer 
by heat, work, and mass 


a 77 ^0 (steady) 

system 

v. j 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 




Gin + mk \ 


mh 2 (since Ake = Ape = 0) 


Gi„ =mc p (T 2 - 7 i) 



Then the rate of heat transfer to the air passing through the duct becomes 

2 air = [fhc p (T 0 ut - r in )] air = (0.700/60 kg/s)(1.005 kJ/kg.°C)(40 - 30)°C = 0.1 17 kW = 1 17 W 

The rest of the 180 W heat generated must be dissipated through the outer surfaces of the duct by natural convection and 
radiation, 

Gextemal = Gtotal “ internal = 1 80 - 1 17 = 63 W 
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5-105 Air enters a hollow-core printed circuit board. The exit temperature of the air is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats at room temperature. 3 
The local atmospheric pressure is 1 atm. 4 Kinetic and potential energy changes are negligible. 


Properties The gas constant of air is R =0.287 
kJ/kg.°C (Table A-l). The specific heat of air at room 
temperature is c p = 1.005 kJ/kg.°C (Table A-2). 

Analysis The density of air entering the duct and 
the mass flow rate are 


1 
Air 
25°C 
0.8 L/s 


\vSw>K*Sw 


P 101.325 kPa , locl , ; 

p = = = 1.185 kg/m 

RT (0.287 kPa.m 3 /kg.K)(25 + 273)K 
m = pO = (1.185 kg/m 3 )(0.0008 m 3 / s) = 0.0009477 kg/s 


We take the hollow core to be the system, which is a control volume. The energy balance for this steady-flow system can be 
expressed in the rate form as 


^in ^out 


710 (steady) 


'system 


Rate of net energy transfer Rate of change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in — -^out 

Q m + mh\ = mh 2 (since Ake = Ape = 0) 

4, =mc p (T 2 -70 

Then the exit temperature of air leaving the hollow core becomes 


Qrn ~ ™c „ (T 2 -T x )^T 2 =T x +^ = 25°c + 


15 J/s 


(0.0009477 kg/s)(1005 J/kg.°C) 


= 46.0°C 
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5-106 A computer is cooled by a fan blowing air through the case of the computer. The required flow rate of the air and the 
fraction of the temperature rise of air that is due to heat generated by the fan are to be determined. 

Assumptions 1 Steady flow conditions exist. 2 Air is an ideal gas with constant specific heats. 3 The pressure of air is 1 
atm. 4 Kinetic and potential energy changes are negligible 


Properties The specific heat of air at room temperature is c p = 1.005 kJ/kg.°C (Table A-2). 


Analysis (a) We take the air space in the computer as the system, which is a control volume. The energy balance for this 
steady-flow system can be expressed in the rate form as 


77 _ 17 _ a Z7 ^*0 (steady) _ /~v 

^in ^out — ^'system — ^ 

V v ' v V ' 

Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

Gin + Wm + = mh 2 (since Ake = Ape = 0) 

Qin+W in = me p (T 2 —T{) 

Noting that the fan power is 25 W and the 8 PCBs transfer a total of 80 
W of heat to air, the mass flow rate of air is determined to be 



G m + W in = riiCp (T e - Ti) m = 


G in +w in 

CpiT'-TJ 


(8x10) W + 25 W 
(1005 J/kg.°C)(10°C) 


0.0104 kg/s 


(b) The fraction of temperature rise of air that is due to the heat generated by the 


fan and its motor can be determined from 


Q 25 W 

Q = me „ A T — > AT = = = 2.4°C 

p me p (0.0104 kg/s)( 1 005 J/kg.°C) 

2 4°r 

/ = — — — = 0.24 = 24% 

10°C 
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5-107 Hot water enters a pipe whose outer surface is exposed to cold air in a basement. The rate of heat loss from the water 
is to be determined. 


Assumptions 1 Steady flow conditions exist. 2 Water is an incompressible substance with constant specific heats. 3 The 
changes in kinetic and potential energies are negligible. 

Properties The properties of water at the average temperature of (90+88)/2 = 89°C are p - 965 kg/m' and c p = 4.21 
kJ/kg.°C (Table A-3). 

Analysis The mass flow rate of water is 

m = pA c V = (965 kg/m 3 ) ^^-025 (0.6 m /s) - 0.2842 kg/s 


We take the section of the pipe in the basement to be the 
system, which is a control volume. The energy balance for 
this steady-flow system can be expressed in the rate form as 


^in ^out 

^ j 

V 

Rate of net energy transfer 
by heat, work, and mass 


af 7,0 (steady) 
ZA/Z/ system 

k. J 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 




Q 



mh x 


Gout + " lh 2 


(since Ake = Ape = 0) 


Gout =mc p (T l -T 2 ) 


Then the rate of heat transfer from the hot water to the surrounding air becomes 

Gou, = "ic p [T m - T out ] water = (0.2842 kg/s)(4.21 kJ/kg.°C)(90 - 88)°C = 2.39 kW 
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5-108 



Problem 5- 


diameter varies from 1.5 


107 is reconsidered. The effect of the inner pipe diameter on the rate of heat loss as the pipe 
cm to 7.5 cm is to be investigated. The rate of heat loss is to be plotted against the diameter. 


Analysis The problem is solved using EES, and the solution is given below. 


"Knowns:" 

D = 0.025 [m] 
rho = 965 [kg/m A 3] 

Vel = 0.6 [m/s] 

T_1 = 90 [C] 

T_2 = 88 [C] 
c_p = 4.21 [kJ/kg-C] 

"Analysis:" 

"The mass flow rate of water is:" 

Area = pi*D A 2/4 
mdot = rho*Area*Vel 

"We take the section of the pipe in the basement to be the system, which is a control volume. The energy 
balance for this steady-flow system can be expressed in the rate form as" 

E_dot_in - E_dot_out = DELTAE_dot_sys 
DELTAE_dot_sys = 0 "Steady-flow assumption" 

Edotjn = mdot*hin 
E_dot_out =Q_dot_out+m_dot*h_out 
h_in = c_p * T_1 
hout = c p * T_2 



D [m] 


D 

fml 

Qout 

[kW] 

0.015 

1.149 

0.025 

3.191 

0.035 

6.254 

0.045 

10.34 

0.055 

15.44 

0.065 

21.57 

0.075 

28.72 
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5-109 A room is to be heated by an electric resistance heater placed in a duct in the room. The power rating of the electric 
heater and the temperature rise of air as it passes through the heater are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats at room temperature. 3 
Kinetic and potential energy changes are negligible. 4 The heating duct is adiabatic, and thus heat transfer through it is 
negligible. 5 No air leaks in and out of the room. 

Properties The gas constant of air is 0.287 kPa.nrVkg.K (Table A-l). The specific heats of air at room temperature are c p = 
1.005 and c u = 0.718 kJ/kg-K (Table A-2). 


Analysis (a) The total mass of air in the room is 

{/ = 5x6x8 m 3 = 240 m 3 

Py (98 kPa)(240 m 3 ) OC/1/C1 

m = = = 284.6 kg 

RT X (0.287 kPa-m 3 /kg-K)(288 K) 

We first take the entire room as our system, which is a closed system 
since no mass leaks in or out. The power rating of the electric heater is 
determined by applying the conservation of energy relation to this 
constant volume closed system: 



R in Rout 

V 

Net energy transfer 
by heat, work, and mass 


A F 

L - yL -‘ system 

y J 

v 

Change in internal, kinetic, 
potential, etc. energies 


We, in + Wfan,in “ Qou, = A ^ ( sin Ce AKE = APE = 0) 

Ar (w e ,in +W fan , in -e out )= mc vmg tr 2 -T x ) 


Solving for the electrical work input gives 

W e , in = Gout -W lan , m + mcjT 2 -T t )/ At 

= (200/60 kJ/s) - (0.2 kJ/s) + (284.6 kg)(0.718 kJ/kg-°C)(25 - 15)°C/(15 x 60 s) 

= 5.40 kW 


(b) We now take the heating duct as the system, which is a control volume since mass crosses the boundary. There is only 
one inlet and one exit, and thus m x = m 2 = m . The energy balance for this adiabatic steady-flow system can be expressed in 

the rate form as 


Thus, 


R in Rout 


A E 


710 (steady) 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

R in — Rout 

Wg, in + Wfan,in + ™R\ = /77 ^2 (since Q = Ake = Ape = 0) 

^e,in +w/ fan,in = ”< h 2 ~ h X ) = mC p (T 2 -T x ) 


AT = T 2 - 7] = 


W • +W* • 

rr e,in 1 rr fan,in 


(5.40 + 0.2) kJ/s 


me 


p 


(50/60 kg/s Xl. 005 kJ/kg-K) 


= 6.1° C 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



5-84 


5-110E Water is heated in a parabolic solar collector. The required length of parabolic collector is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat loss from the tube is negligible so that the entire solar energy 
incident on the tube is transferred to the water. 3 Kinetic and potential energy changes are negligible 


Properties The specific heat of water at room temperature is c p = 1.00 Btu/lbm.°F (Table A-3E). 

Analysis We take the thin aluminum tube to be the system, which is a control volume. The energy balance for this steady- 
flow system can be expressed in the rate form as 


77 _ 77 _ a 17 ^0 (steady) _ ^ 

pin ^out — system — u 

Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in — -^out 

Q m + mh x = mh 2 (since Ake = Ape = 0) 

2in — ^water C p (^2 — ^1 ) 



Then the total rate of heat transfer to the water flowing through the tube becomes 

(2 total = me P (T e -T i ) = (4 lbm/s)(l .00 Btu/lbm.°F)(l 80 - 55)°F = 500 Btu/s = 1,800,000 Btu/h 


The length of the tube required is 

L = gtotai = 1800.000 Btu/h = 450Q ft 
Q 400 Btu/h. ft 


5-111 A house is heated by an electric resistance heater placed in a duct. The power rating of the electric heater is to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with constant specific 
heats at room temperature. 3 Kinetic and potential energy changes are negligible. 


Properties The constant pressure specific heat of air at room temperature is c p = 1.005 kJ/kg-K (Table A-2) 

Analysis We take the heating duct as the system, which is a control volume since mass crosses the boundary. There is only 
one inlet and one exit, and thus h\ = m 2 = m . The energy balance for this steady-flow system can be expressed in the rate 

form as 



v 

Rate of net energy transfer 
by heat, work, and mass 


a 77 71 0 (steady) 

LACj system 

V, J 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 



Am+^fan,i„+'» /! l 
We, in + Wfan.in 


<2 ou t + mh 2 (since Ake = Ape = 0) 
6out + lh ( ,l 2 - h \) = Gout + mc p (T 2 - T x ) 


Substituting, the power rating of the heating element is determined to be 




Q 


out + mc p AT - W fan in 


(0.3 kJ/s) + (0.6 kg/s)(1.005 kJ/kg • °C)(7°C) - 0.3 kW = 4.22 kW 
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5-112 Steam pipes pass through an unheated area, and the temperature of steam drops as a result of heat losses. The mass 
flow rate of steam and the rate of heat loss from are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 4 There are no work interactions involved. 

Properties From the steam tables (Table A-6), 


P x = 2 MPa 
T x = 300°C 

P 2 = 800 kPa 
T 2 = 250°C 


t/j = 0.12551 m 3 /kg 
h x = 3024.2 kJ/kg 

>h 2 =2950.4 kJ/kg 


2 MPa 
300°C 


STEAM 

> 



800 kPa 
250°C 


Analysis (a) The mass flow rate of steam is determined directly from 


m = — A X V X = 

i/. 


1 

0.12551 m 3 /kg 


;r(0.06 m) 2 ](3 m/s) = 0.270 kg/s 


(b) We take the steam pipe as the system, which is a control volume since mass crosses the boundary. There is only one 
inlet and one exit, and thus m x = m 2 = m . The energy balance for this steady-flow system can be expressed in the rate form 

as 

E - E - A E 7,0 ^ steady ^ - 0 

“in “out — ZAL 'system — u 

V V ‘ ^ V J 

Rate of net energy transfer R a t e of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

mh x = Q out + mh 2 (since W = Ake = Ape = 0) 

Gout = ™( h \ - K) 

Substituting, the rate of heat loss is determined to be 

<2 loss = (0.270 kg/s)(3024.2 - 2950.4) kJ/kg = 19.9 kJ/s 
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5-113 Steam flows through a non-constant cross-section pipe. The inlet and exit velocities of the steam are to be 
determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy change is negligible. 3 
There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 


Analysis We take the pipe as the system, which 
is a control volume since mass crosses the 
boundary. The mass and energy balances for this 
steady-flow system can be expressed in the rate 
form as 

Mass balance: 


Di 

200 kPa 
200°C 
V! 


Steam 


D 2 

150 kPa 
150°C 
V 2 


ih m m oul Ahi S y Stem 


m m = m out 


710 (steady) 


aA = aA 


ttDI V, ttD; v 2 


4 v, 


4 v 


Energy balance: 


-^in ^out 


a p ^>0 (steady) 
^-^system 


Rate of net energy transfer Rate of change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in “ ^out 
2 2 

h x + = I 12 + — (since Q = W = Ake = Ape = 0) 

The properties of steam at the inlet and exit are (Table A-6) 

P\ = 200 kPa 1 c/j = 1.0805 m 3 /kg 
T x = 200°C }h x = 2870.7 kJ/kg 


P 2 =150 kPa 1 c/ 2 = 1.2855 m 3 /kg 
T x = 150°C \h 2 =2772.9 kJ/kg 

Assuming inlet diameter to be 1.8 m and the exit diameter to be 1.0 m, and substituting, 


^■(1.8 m) 


^(l.Om) 


(1.0805 m 3 /kg) 


(1.2855 m 3 /kg) 


2870.7 kJ/kg + 1 kJ/k f 


^ = 2772 9 k + Yi_( 1 kJ/k § 

2 l 1000 m‘/s 2 J 2 ll 000 m' 7s 2 


There are two equations and two unknowns. Solving equations (1) and (2) simultaneously using an equation solver such as 
EES, the velocities are determined to be 

V! = 118.8 m/s 

V 2 = 458.0 m/s 
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5-114 R-134a is condensed in a condenser. The heat transfer per unit mass is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 

Analysis We take the pipe in which R-134a is condensed as the system, which is a control volume. The energy balance for 
this steady-flow system can be expressed in the rate form as 


^in ^out 

^ J 

V 

Rate of net energy transfer 
by heat, work, and mass 



mh x 



^out 


a i? ^0 (steady) 
system 

v. J 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 



mh 2 +Q out 
rh(h x —h 2 ) 

h\ ~ h 2 


900 kPa 
60°C 


R134a 




900 kPa 
sat. liq. 


The enthalpies of R-134a at the inlet and exit of the condenser are (Table A-12, A-13). 

h x = 295.13 kJ/kg 


P x = 900 kPa 
T x = 60°C 

P 2 = 900 kPa 

v = 0 


> h 2 ~hf@ 900 kPa -101.61 kJ/kg 


Substituting, 

q out = 295.13 - 101.61 = 193.5 kJ/kg 


5-115 Water is heated at constant pressure so that it changes a state from saturated liquid to saturated vapor. The heat 
transfer per unit mass is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 

Analysis We take the pipe in which water is heated as the system, which is a control volume. The energy balance for this 
steady-flow system can be expressed in the rate form as 


^in ^out 

V 

Rate of net energy transfer 
by heat, work, and mass 


ac 1 ^0 (steady) 
system 


= 0 


v 

Rate of change in internal, kinetic, 
potential, etc. energies 


^in “ ^out 
mh x + <2 in = /7I ^2 

Qm =”<h 2 ~h x ) 

q in = h 2 ~ h \ = h fg 

where /^@ 800 kPa =2047.5 kJ/kg (Table A-5) 


800 kPa 
Sat. Liq. 


^in 


Water 





800 kPa 
sat. vap. 


Thus, 

q m = 2047.5 kJ/kg 
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5-116 Electrical work is supplied to the air as it flows in a hair dryer. The mass flow rate of air and the volume flow rate at 
the exit are to be determined. 


Assumptions 1 This is a steady- flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat loss from the dryer is negligible. 

• *3 

Properties The gas constant of argon is 0.287 kPa.m /kg.K. The constant pressure specific heat of air at room temperature 
is c p = 1 .005 kJ/kg- °C (Table A-2 a). 

Analysis (a) We take the pipe as the system, which is a control volume. The energy balance for this steady- flow system can 
be expressed in the rate form as 


^in ^oiU 

V 

Rate of net energy transfer 
by heat, work, and mass 


a 77 710 (steady) 

LACj system 

y j 

v 

Rate of change in internal, kinetic, 
potential, etc. energies 




m 


/Zi + 


V- 


2 \ 


2 


+ W; 


in 




= m\ 


h 2 + 


V- 


2 \ 


2 


J 


— ml 


h 2 — h\ + 


V 2 2 -V! 2 A 


2 


J 


— ml 


c„V 2 -T{) + 


Vj-vT\ 

2 


= 80°C 
: = 21 m/s 

awv w\r 

W 

H 7s 

U) >— * 

o o 
o o 

* eg 

p 

1 

' ' 

l 



W e = 1500 W 


Substituting and solving for the mass flow rate, 


W: 


m = 


in 


c p (T 2 -T { ) + 


v 2 2 -v I 2 
2 


1.50 kW 


(1.005 kJ/kg • K)(353 - 300)K 

= 0.0280 kg/s 


(21 m/s Y -0 


2 


1 kJ/kg 


2/2 


1000 m /s 


(b) The exit specific volume and the volume flow rate are 


l/o = 


RT 2 (0.287 kPa • m 3 /kg • K )(353K) = 1 Q13 m3/kg 


P 


100 kPa 


[/ 2 = mv 2 = (0.02793 kg/s)(l .013 m 3 /kg) = 0.0284 m 3 /s 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


5-89 


5-117 



Problem 5-1 16 is reconsidered. The effect of the 


rate is to be investiagted. 


exit velocity on the mass flow rate and the exit volume flow 


Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

T1 =300 [K] 

P=100 [kPa] 

VeM =0 [m/s] 

W_dot_e_in=1 .5 [kW] 

T2=(80+273) [K] 

Vel_2=21 [m/s] 

"Properties" 
c_p=1 .005 [kJ/kg-K] 

R=0.287 [kJ/kg-K] 

"Analysis" 

W_dot_eJn=m_dot*c_p*(T2-T1)+m_dot*(Vel_2 A 2-Vel_1 A 2)*Convert(m A 2/s A 2,kJ/kg) "energy balance on hair 
dryer" 

v2=(R*T2)/P 

Vol dot 2=m dot*v2 



Vel 2 

[m/s] 

m 

[kg/s] 

Vol 2 

[m 3 /s] 

5 

0.02815 

0.02852 

7.5 

0.02813 

0.0285 

10 

0.02811 

0.02848 

12.5 

0.02808 

0.02845 

15 

0.02804 

0.02841 

17.5 

0.028 

0.02837 

20 

0.02795 

0.02832 

22.5 

0.0279 

0.02826 

25 

0.02783 

0.0282 
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Charging and Discharging Processes 


5-90 


5-118 An insulated rigid tank is evacuated. A valve is opened, and air is allowed to fill the tank until mechanical 
equilibrium is established. The final temperature in the tank is to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Air is an ideal gas with 
constant specific heats. 3 Kinetic and potential energies are negligible. 4 There are no work interactions involved. 5 The 
device is adiabatic and thus heat transfer is negligible. 

Properties The specific heat ratio for air at room temperature is k = 1.4 (Table A-2). 

Analysis We take the tank as the system, which is a control volume since mass crosses 
the boundary. Noting that the microscopic energies of flowing and nonflowing fluids 
are represented by enthalpy h and internal energy u , respectively, the mass and energy 
balances for this uniform-flow system can be expressed as 

Mass balance : 

m '\n ~ m o\xX ~ ^^system ^ m i ~ m 2 ( s i nce ^out — ^initial — 

Energy balance : 

^in — ^out 

V 

Net energy transfer 
by heat, work, and mass 

nijhi 

Combining the two balances : 

u 2 = h i ->• c v T 2 = c p T , ~^T 2 = ( c p !c v )T i = kT i 

Substituting, 

T 2 = 1.4x290 K = 406 K = 133°C 


= A/7 

system 

y J 

V 

Change in internal, kinetic, 
potential, etc. energies 

= m 2 u 2 (since Q = W = E out = E mim = ke = pe = 0) 
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5-119 Helium flows from a supply line to an initially evacuated tank. The flow work of the helium in the supply line and 
the final temperature of the helium in the tank are to be determined. 

Properties The properties of helium are R = 2.0769 kJ/kg.K, c p = 5.1926 kJ/kg.K, c v = 3.1 156 kJ/kg.K (Table A-2a). 

Analysis The flow work is determined from its definition but we first determine 
the specific volume 

RT line (2.0769 kJ/kg.K)(120 + 273 K) 3;1 Helium ► 200 kPa, 120°C 

t/ = — — = - 5 - = 4.0811m /kg > 

P (200 kPa) 1 ' ' 

w flow = Pv = (200 kPa)(4. 0811 m 3 /kg) = 816.2 kJ/kg 

Noting that the flow work in the supply line is converted to sensible internal 
energy in the tank, the final helium temperature in the tank is determined as 
follows 

W tank — ^line 

h line = c p T Vme = (5. 1 926 kJ/kg.K)( 120 + 273 K) = 2040.7 kJ/kg 

M-tank = c v T unk >2040.7 k.l/kg = (3.1 156 kJ/kg. K)7’ 1;mk >r tank = 655.0 K 

Alternative Solution: Noting the definition of specific heat ratio, the final temperature in the tank can also be determined 
from 

T tank =kT Vme =1.667(120 + 273 K) = 655.1 K 
which is practically the same result. 


Initially 

evacuated 
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5-120 An evacuated bottle is surrounded by atmospheric air. A valve is opened, and air is allowed to fill the bottle. The 
amount of heat transfer through the wall of the bottle when thermal and mechanical equilibrium is established is to be 
determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform- flow process since the state of fluid at the inlet remains constant. 2 Air is an ideal gas with 
variable specific heats. 3 Kinetic and potential energies are negligible. 4 There are no work interactions involved. 5 The 
direction of heat transfer is to the air in the bottle (will be verified). 

Properties The gas constant of air is 0.287 kPa.nrVkg.K (Table A-l). 


Analysis We take the bottle as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 


Mass balance : 

^in — ^out — System m , = m 2 (sine e»! ou t = '“initial = °) 


Energy balance : 


^in ^out 


A E. 


system 


Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qm + m , h , = '»2«2 (since W = E out = £, nitiaI =ke = pe = 0) 
Combining the two balances : 

Qm =m 2 {u 2 -hi) 


100 kPa 



where 


m 2 


P 2 1/ (100 kPa)(0.020 m 3 ) 

RT 2 (0.287 kPa • m 3 /kg • K)(300 K) 


0.02323 kg 


T j =r 2 = 300 K 


Table A-l 7 


h t =300.19 kJ/kg 
u 2 =214.07 kJ/kg 


Substituting, 

Q m = (0.02323 kg)(2 14.07 - 300.19) kJ/kg = - 2.0 kJ 
or 

2out = 2.0 kJ 

Discussion The negative sign for heat transfer indicates that the assumed direction is wrong. Therefore, we reverse the 
direction. 
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5-121 A rigid tank initially contains air at atmospheric conditions. The tank is connected to a supply line, and air is allowed 
to enter the tank until mechanical equilibrium is established. The mass of air that entered and the amount of heat transfer are 
to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform- flow process since the state of fluid at the inlet remains constant. 2 Air is an ideal gas with 
variable specific heats. 3 Kinetic and potential energies are negligible. 4 There are no work interactions involved. 5 The 
direction of heat transfer is to the tank (will be verified). 

Properties The gas constant of air is 0.287 kPa.nrVkg.K (Table A-l). The properties of air are (Table A- 17) 


7) = 295 K > h t = 295.17 kJ/kg 

T x = 295 K > u x =210.49 kJ/kg 

T 2 = 350 K > u 2 = 250.02 kJ/kg 


Analysis (a) We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform- flow system can be expressed as 

Mass balance : 


m '\n m owt ^^system ^ 


nij = m 2 — m x 


Energy balance : 


^in ^out 

v 

Net energy transfer 
by heat, work, and mass 


A F 

system 

V J 

V 

Change in internal, kinetic, 
potential, etc. energies 


<2 in + oijhi = m 2 u 2 - m x u x (since W = ke = pe = 0) 


The initial and the final masses in the tank are 


Pi = 600 kPa 
Ti = 22°C 



Q 


m x 


py 

7?7j 


(10 ° kP 3 a)(2m3) = 2.362 kg 

(0.287 kPa • m 3 /kg • K)(295 K) 


m 2 


P 2 V (600 kPa)(2 m 3 ) 

RT 2 (0.287 kPa • m 3 /kg • K)(350 K) 


11.946 kg 


Then from the mass balance, 

ntj = m 2 — m x = 1 1.946 - 2.362 = 9.584 kg 

(b) The heat transfer during this process is determined from 
Qin = ~ m , h , + m 2 U 2 - m \ U \ 

= -(9.584 kgX295.17 kJ/kg) +(l 1.946 kg)(250.02 kJ/kg)-(2.362 kgX210.49 kJ/kg) 

= -339 kJ -> g out = 339 kj 

Discussion The negative sign for heat transfer indicates that the assumed direction is wrong. Therefore, we reversed the 
direction. 
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5-122 A rigid tank initially contains superheated steam. A valve at the top of the tank is opened, and vapor is allowed to 
escape at constant pressure until the temperature rises to 500°C. The amount of heat transfer is to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process by using constant average properties for the steam leaving the tank. 2 Kinetic 
and potential energies are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the 
tank (will be verified). 


Properties The properties of water are (Tables A-4 through A-6) 


P x = 2 MPa 
T x = 300°C j 

P 2 = 2 MPa 
T 2 = 500°C 


i/j = 0.12551 m 3 /kg 
Mj = 2773.2 kJ/kg, h t = 3024.2 kJ/kg 

i/ 2 =0. 17568 m 3 /kg 
u 2 = 31 16.9 kJ/kg, h 2 = 3468.3 kJ/kg 


A 


9 


H 


STEAM 
2 MPa 


Q 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, 
the mass and energy balances for this uniform- flow system can be expressed as 

Mass balance : 


- '"out = A '»sy S tem m e = m \ “ >»2 


Energy balance : 


^in ^out 


A E 


system 


Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc . energies 

Q'm ~ m eK ~ m 2 ll 2 ~ m \ ll \ (since W = he = pe = 0) 

The state and thus the enthalpy of the steam leaving the tank is changing during this process. But for simplicity, we assume 
constant properties for the exiting steam at the average values. Thus, 

= 3024.2 + 3468,3 kJ/kg = ^ 

2 2 

The initial and the final masses in the tank are 


m x 


m 2 


^2 


0.2 m 3 

0.12551 m 3 /kg 
0.2 m 3 

0.17568 m 3 /kg 


1.594 kg 
= 1.138kg 


Then from the mass and energy balance relations, 
m e = m x - m 2 = 1.594 -1.138 = 0.456 kg 

Qin = m e h e + m 2 u 2 ~ m \ u \ 

= (0.456 kg)(3246.2 kJ/kg)+ (1.138 kgX3116.9 kJ/kg) - (l .594 kgX2773.2 kJ/kg) 

= 606.8 kJ 
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5-123 A cylinder initially contains saturated liquid-vapor mixture of water. The cylinder is connected to a supply line, and 
the steam is allowed to enter the cylinder until all the liquid is vaporized. The final temperature in the cylinder and the mass 
of the steam that entered are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform- flow process since the state of fluid at the inlet remains constant. 2 The expansion process is 
quasi-equilibrium. 3 Kinetic and potential energies are negligible. 3 There are no work interactions involved other than 
boundary work. 4 The device is insulated and thus heat transfer is negligible. 


Properties The properties of steam are (Tables A-4 through A-6) 


P x = 200 kPa 
x x = 0.6 



P 2 = 200 kPa 
sat. vapor 



Pi = 0.5 MPa 
T { = 350°C 



h f+ x i h fg 

504.7 1 + 0.6x220 1.6 = 1 825.6 kJ/kg 
fi @ 200 kPa ~ 2706.3 kJ/kg 

3168.1 kJ/kg 



Analysis (a) The cylinder contains saturated vapor at the final state at a pressure of 200 kPa, thus the final temperature in 
the cylinder must be 

^2 = T sat @ 200 kPa = 120.2° C 

(b) We take the cylinder as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform- flow system can be expressed as 

Mass balance : m m - m out = Ara system — » m t = m 2 - m x 


Energy balance : 

fin ~ ^out — ^^system 

N et energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

mfc = W h , out + m 2 u 2 - m x u x (since Q = ke = pe = 0) 

Combining the two relations gives 

0 = W b ,out - (m 2 - m x )h t + m 2 u 2 - m x u x 


or, 


0 = — (ra 2 - m x )hj + m 2 h 2 - m x h x 


since the boundary work and A U combine into AH for constant pressure expansion and compression processes. Solving for 
m 2 and substituting, 


m 2 = EzE mi 


(3 168,1 -1825.6) kJ/kg 
(3168.1-2706.3) kJ/kg 


(10 kg) = 29.07 kg 


Thus, 

in \ = m 2 - wi\ = 29.07 - 10 = 19.07 kg 
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5-124E A scuba diver's air tank is to be filled with air from a compressed air line. The temperature and mass in the tank at 
the final state are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform- flow process since the state of fluid at the inlet remains constant. 2 Air is an ideal gas with 
constant specific heats. 3 Kinetic and potential energies are negligible. 4 There are no work interactions involved. 5 The 
tank is well-insulated, and thus there is no heat transfer. 

Properties The gas constant of air is 0.3704 psia-ft 3 /lbnvR (Table A- IE). The specific heats of air at room temperature are 
c p = 0.240 Btu/lbm-R and c v = 0.171 Btu/lbm-R (Table A-2E a). 

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, 
the mass and energy balances for this uniform- flow system can be expressed as 

Mass balance : 


Win -W out = Aw system m i = m 2 ~ m l 


Energy balance : 

^in — -^out — system 

v v 7 v — v — ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

nijhj = m 2 u 2 -m x u x 
m i c p Tj = m 2 c v T 2 -m x c v T x 

Combining the two balances : 

(W 2 — w, )c p T i =m 2 c v T 2 -m x cjy 


Air 


120 psia, 100°F 



The initial and final masses are given by 


m x = 


p \V 


(20psia)(2 ft 3 ) 


RT X (0.3704 psia • ft 3 /lbm • R)(70 + 460 R) 


= 0.2038 lbm 


mo = 




(120psia)(2ft 3 ) 


647.9 


RT 2 (0.3704 psia -ft 3 /lbm-R)r 2 T 2 


Substituting, 

r 


647.9 

v T 2 


0.2038 


(0.24)(560) = 


647.9 

To 


(0.171)T 2 - (0.2038)(0. 171)(530) 


whose solution is 

T 2 = 727.4 R=267.4°F 

The final mass is then 


m 2 


647.9 


647.9 

= 0.890 lbm 

121 A 
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5-125 R-134a from a tank is discharged to an air-conditioning line in an isothermal process. The final quality of the R-134a 
in the tank and the total heat transfer are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform- flow process since the state of fluid at the exit remains constant. 2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform- flow system can be expressed as 

Mass balance : 


m m ,n OU { system 

— m e = m 2 — m x 

m e = m x — 777 2 


Energy balance : 


^in ^out — A^system 

v T ' — v — ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qm ~m e h e = m 2 u 2 -m l u l 

Qin =m 2 u 2 -m x u x +m e h e 


Combining the two balances’. 

Qm =m 2 u 2 -m l u x +(m ] -m 2 )h e 


A-C line ► 



The initial state properties of R- 134a in the tank are 


T x = 24°C 
v = 0 


^ i/ x = 0.0008261 m 3 /kg 
>u x = 84.44 kJ/kg 

J h e = 84.98 kJ/kg 


(Table A- 11) 


Note that we assumed that the refrigerant leaving the tank is at saturated liquid state, and found the exiting enthalpy 
accordingly. The volume of the tank is 

V = mji/j = (5 kg)(0.0008261m 3 /kg) = 0.004131m 3 

The final specific volume in the container is 


</ 2 = 


1/ 0.004131 nr 3/1 

= = 0.01652 m /kg 

m 2 0.25 kg 


The final state is now fixed. The properties at this state are (Table A-l 1) 


T 2 = 24°C 

c/ 2 = 0.01652 m 3 /kg 


1 ^ 2 -v f 0.01652-0.0008261 n 

r 2 = — = = 0.5061 

v fg 0.031834-0.0008261 

- u 2 — u f +x 2 u fg = 84.44 kJ/kg + (0.506 1)(158. 65 kJ/kg) = 164.73 kJ/kg 


Substituting into the energy balance equation, 

Qin =m 2 u 2 -m l u i +(m i -m 2 )h e 

= (0.25 kg)(l 64.73 kJ/kg) - (5 kg)(84.44 kJ/kg) + (4.75 kg)(84.98 kJ/kg) 

= 22.64 kJ 
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5-126E Oxygen is supplied to a medical facility from 10 compressed oxygen tanks in an isothermal process. The mass of 
oxygen used and the total heat transfer to the tanks are to be determined. 

Assumptions 1 This is an unsteady process but it can be analyzed as a uniform- flow process. 2 Oxygen is an ideal gas with 
constant specific heats. 3 Kinetic and potential energies are negligible. 4 There are no work interactions involved. 

Properties The gas constant of oxygen is 0.3353 psia-ftVlbm-R (Table A- IE). The specific heats of oxygen at room 
temperature are c p = 0.219 Btu/lbm-R and c v = 0. 157 Btu/lbm-R (Table A-2E a). 

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, 
the mass and energy balances for this uniform- flow system can be expressed as 

Mass balance : 

m 'm — m oui ~ system 

— m e = m 2 - m x 
m e = m l — m 2 

Energy balance : 

77 _ 77 a 77 

pin ^out — system 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Gin ~m e h e = m 2 u 2 -ni\u x 

Gi n = m 2 u 2 —m l u l +m e h e 
Gin = m 2 cj 2 -»h Cj\+ m eC p T e 

Combining the two balances : 

Gin =m 2 c„T 2 -m ] c v T ] +{m y -m 2 )c p T e 

The initial and final masses, and the mass used are 

m , = (1500psia X 15ft J ) = 124 3 , bm 

RT X (0.3353 psia • ft 3 /lbm • R)(80 + 460 R) 


Oxygen 
1500 psia 
80°F, 15 ft 3 


m 2 = 


P£_ 

rt 2 


(300psia)(15 ft 3 ) 

(0.3353 psia • ft 3 /lbm • R)(80 + 460 R) 


= 24.85 lbm 


m e = m l - m 2 = 124.3 - 24.85 = 99.41 lbm 

Substituting into the energy balance equation, 

Gin = m 2 cj 2 - m x c v T x + m e c p T e 

= (24.85)(0.157)(540) - (124.3)(0.157)(540) + (99.41)(0.219)(540) 

= 3328 Btu 
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5-127E Steam is supplied from a line to a weighted piston-cylinder device. The final temperature (and quality if 
appropriate) of the steam in the piston cylinder and the total work produced as the device is filled are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform- flow process since the state of fluid at the inlet remains constant. 2 Kinetic and potential 
energies are negligible. 3 The process is adiabatic. 

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, 
and also noting that the initial mass in the system is zero, the mass and energy balances for this uniform- flow system can be 
expressed as 

Mass balance : 

"'in "'"out = A '»sy S tem 

m { — m 2 


Energy balance : 

^in — ^out “ system 

V v ' V V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

m i h i ~ W b, out = m 2 u 2 

VC.out = m i h i -m 2 u 2 


Combining the two balances’. 

W b , out =m 2 ( h i -«2 ) 


The boundary work is determined from 

WVout =P(V 2 -V l ) = P(m 2 v 2 -m l v l ) = Pm 2 v 2 

Substituting, the energy balance equation simplifies into 

Pm 2 v 2 = m 2 (hj -u 2 ) 

P c / 2 = hj -u 2 

The enthalpy of steam at the inlet is 
Pj =300psia 

* } E = 1226.4 Btu/lbm (Table A - 6E) 

T ; = 450°F 


Substituting this value into the energy balance equation and using an iterative solution of this equation gives (or better yet 
using EES software) 

T 2 = 425.1 °F 

u 2 = 1 135.5 Btu/lbm 

i/ 2 = 2.4575 ft 3 /lbm 
The final mass is 


(A 


10 ft 


m 2 = 


v 2 2.4575 ft 3 /lbm 
and the work produced is 


= 4.069 lbm 


W, 


b, out 


= PV 2 = (200 psia)(10ft 3 ) 


1 Btu 


5.404 psia - ft 


370.1 Btu 
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5-128E Oxygen is supplied from a line to a weighted piston-cylinder device. The final temperature of the oxygen in the 
piston cylinder and the total work produced as the device is filled are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform- flow process since the state of fluid at the inlet remains constant. 2 Kinetic and potential 
energies are negligible. 3 The process is adiabatic. 4 Oxygen is an ideal gas with constant specific heats. 

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, 
and also noting that the initial mass in the system is zero, the mass and energy balances for this uniform- flow system can be 
expressed as 

Mass balance : 

"'in "'"out = A '»sy S tem 

m { — m 2 


Energy balance : 

^in — ^out “ system 

V v ' V V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

m i h i ~ W b , out = m 2 u 2 

VC.out = m i h i -m 2 u 2 
Combining the two balances : 

W b , out =m 2 ( h i -«2 ) 

The boundary work is determined from 

WVout =P(V. 2 -Vi) = P(m 2 v 2 -m l v l ) = Pm 2 v 2 
Substituting, the energy balance equation simplifies into 
Pm 2 v 2 =m 2 (hj -u 2 ) 

P v 2 - hi -U 2 

= c p Ti ~c v T 2 

Solving for the final temperature, 


RT 2 = c pT, -c v T 2 


^T-, - Cp T t = —T l = 7; = 450 °F 
R + c v c p 


The work produced is 


HW=^2 =(200psia)(10ft 3 ) 


1 Btu 


5.404 psia - ft 


= 370.1 Btu 
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5-129 A rigid tank initially contains saturated R-134a vapor. The tank is connected to a supply line, and R-134a is allowed 
to enter the tank. The mass of the R-134a that entered and the heat transfer are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform- flow process since the state of fluid at the inlet remains constant. 2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the tank (will be 
verified). 


Properties The properties of refrigerant are (Tables A-l 1 through A- 13) 
P x =1.4 MPa 1 </ x =</ e(2a . 4 MPa = 0.0141 lm 3 /kg 


R-134a 


sat.vapor 


u \ - U g(a)lA MPa -256.37 kJ/kg 


P 2 =1.6 MPa 1 c/ 2 =«/ /@16MPa =0.0009400 m 3 /kg 


sat. liquid 

P t =1.6 MPa 
T ; = 36°C 


u 2 = u 


.6 MPa -134.43 kJ/kg 


K ~hf@ 36°c -102.33 kJ/kg 


1.6 MPa 
36°C 


R-134a 
0.03 m 3 
1.4 MPa 
Sat. vapor 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, 
the mass and energy balances for this uniform- flow system can be expressed as 

Mass balance : 

'"in - m out = A '” S ystem -> m, = m 2 - m. 

Energy balance : 


^in ^out 


'system 


Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Q m + m j h i = m 2 u 2 - m x u x (since W = ke = pe = 0) 
(a) The initial and the final masses in the tank are 


m x = 


Mn = 


t'l 0.03 m 3 „ 

— = r = 2.127 kg 

0.0141 1 m 3 /kg 


0.03 m 


2 v 2 0.0009400 m 3 /kg 


= 31.92 kg 


Then from the mass balance 


nij = m 2 - m x =31 .92 - 2. 127 = 29.79 kg 


(c) The heat transfer during this process is determined from the energy balance to be 


Qm =~m i h i +m 2 u 2 

= -(29.79 kg)(l02.33 kJ/kg) + (3 1.92 kg)(l34.43 kJ/kg)- (2.127 kg)(256.37 kJ/kg) 

= 697 k J 
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5-130 A rigid tank initially contains saturated liquid water. A valve at the bottom of the tank is opened, and half of the mass 
in liquid form is withdrawn from the tank. The temperature in the tank is maintained constant. The amount of heat transfer 
is to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform- flow process since the state of fluid leaving the device remains constant. 2 Kinetic and 
potential energies are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the tank 
(will be verified). 

Properties The properties of water are (Tables A-4 through A-6) 


T\ 200°C l/j (/ y@200°C 
sat. liquid Ki=k /@2(X >-c 


= 0.001 157 m7kg 
„ = 850.46 kJ/kg 


T e = 200° C 
sat. liquid 


K = h f@2 GOT = 852 ' 26 kJ/k § 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, 
the mass and energy balances for this uniform- flow system can be expressed as 


Mass balance : 


Energy balance : 


^in ^out 


m m ~ m om = Am 


system m e m \ m 2 


'system 


Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Gin = m eK + m 2 u 2 ~ m \ u \ (since W = ke = pe = 0) 


The initial and the final masses in the tank are 


H 2 0 

Sat. liquid 
T = 200°C 
W= 0.3 m 3 


0.3 m 


m x =-L = = 259.4 kg 

^ 0.001 157m 3 /kg 

m 2 =\m x = j (259.4 kg) =129.7 kg 

Then from the mass balance, 

m e = m x - m 2 = 259.4 - 129.7 = 129.7 kg 

Now we determine the final internal energy, 


V 0.3 m 


C/o = 


Vo = 


= 0.002313 m7kg 


m 2 129.7 kg 

<7 -Vf _ 0.002313-0.001157 
c / ~ 0.12721-0.001157 


= 0.009171 


T 2 = 200°C 
x 2 = 0.009171 


= u f +x 2 u fx = 850.46 + (0.00917lXl 743.7)= 866.46 kJ/kg 


Then the heat transfer during this process is determined from the energy balance by substitution to be 

Q = (129.7 kg)(852.26 kJ/kg) + (l29.7 kg)(866.46 kJ/kg)- (259.4 kg)(850.46 kJ/kg) 

= 2308 kj 
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5-131 A rigid tank initially contains saturated liquid-vapor mixture of refrigerant- 134a. A valve at the bottom of the tank is 
opened, and liquid is withdrawn from the tank at constant pressure until no liquid remains inside. The amount of heat 
transfer is to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform- flow process since the state of fluid leaving the device remains constant. 2 Kinetic and 
potential energies are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the tank 
(will be verified). 


Properties The properties of R- 134a are (Tables A-l 1 through A- 13) 

P x = 800 kPa -» v f =0.0008458 m 3 /kg, v g = 0.025621 m 3 /kg 

u f =94.79 kJ/kg, u g = 246.79 kJ/kg 

P 2 = 800 kPa 1 i/ 2 = i/„ a , 800 ^ = 0.025621 m 3 /kg 


R-134a 
Sat. vapor 
P = 800 kPa 
{/= 0.12 m 3 


sat. vapor 

P e = 800 kPa 
sat. liquid 


2 - ,cj@800 kPa 111 

u 2 “ u g@ 800 kPa = 246.79 kJ/kg 


K ~ hf@ 8oo kPa - 95.47 kJ/kg 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 

Mass balance : 


'»in - »W = A '» S ystem m e = m \ ~ m 2 


Energy balance : 


^in ^out 

V. j 

V 

Net energy transfer 
by heat, work, and mass 


L - yLj system 

V 

Change in internal, kinetic, 
potential, etc. energies 


Gin - m eK + m 2 u 2 ~ m \ u \ (since W = he = pe = 0) 
The initial mass, initial internal energy, and final mass in the tank are 


v f v 

m x — mj + m g = -\ — — = 


0.12 x 0.25 m' 


0.12x0.75 nr 


i ' f v g 0.0008458 m7kg 0.025621 m7kg 


= 35.47 + 3.513 = 38.98 kg 


u x = m x u x = m f u f + m u = (35.47)(94.79)+ (3. 513)(246.79) = 4229.2 kJ 


V 0.12m 3 . , 

m 7 = — = = 4.684 kg 

v 2 0.025621 m 3 /kg 


Then from the mass and energy balances, 

m e = m 1 - m 2 = 38.98 - 4.684 = 34.30 kg 

Q m = (34.30 kg)(95.47 kJ/kg)+ (4.684 kgX246.79 kJ/kg)- 4229 kJ = 201.2 kJ 
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5-132E A rigid tank initially contains saturated liquid-vapor mixture of R- 134a. A valve at the top of the tank is opened, 
and vapor is allowed to escape at constant pressure until all the liquid in the tank disappears. The amount of heat transfer is 
to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid leaving the device remains constant. 2 Kinetic and 
potential energies are negligible. 3 There are no work interactions involved. 


Properties The properties of R- 134a are (Tables A-l IE through A-13E) 


P x =160 psia -*v f =0.01413 ft 3 /lbm, i/ g = 0.29316 ft 3 /lbm 

u j =48.10 Btu/lbm, u ,, = 108.50 Btu/lbm 

=v g @i 60 psia = 0.29316 ft 3 /lbm 


P 2 =160 psia 
sat. vapor 

P e = 1 60 psia 
sat. vapor 


Wo = li 


g@ 160 psia 


= 108.50 Btu/lbm 


K =**@160 psia =117.18 Btu/lbm 


A 




H 


R-l -3 
Sat. vj 
P= 16( 

t/= 2 

4a 
apor 
) psia 
ft 3 


I-:-:-:-:-:-:-:-:-:-:-:- 


a 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy w, respectively, 
the mass and energy balances for this uniform- flow system can be expressed as 

Mass balance : 


Win - w out = Am system m e = m x -m 2 


Energy balance : 

^in — -^out = ^^system 

v ' v V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Qm ~ m eK ~ m 2 u 2 ~ m \ u \ (since W = ke = pe = 0) 


The initial mass, initial internal energy, and final mass in the tank are 


Kf v g 

m j = m + m 1 = 

"g 

U i = m x u x — m fU f + m g u g 

V 2 ft 3 

0.29316 ft 3 /lbm 


2x0.2 ft 3 
0.01413 ft 3 /lbm 
= (7.077 )(48.10) + 


+ — 2x ° ,8ft = 7.077 + 6.48 =13.56 lbm 

0.29316 ft 3 /lbm 

(6.48X108.50)= 1043 Btu 


= 6.822 lbm 


Then from the mass and energy balances, 

m e = m x — m 2 = 13.56 - 6.822 = 6.736 lbm 

Qm =m e h e + m 2 u 2 -m l u x 

= (6.736 lbm)(l 17.18 Btu/lbm) + (6.822 lbm)(l08.50 Btu/lbm)- 1043 Btu 

= 486 Btu 
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5-133 A rigid tank initially contains saturated R-134a liquid-vapor mixture. The tank is connected to a supply line, and R- 
134a is allowed to enter the tank. The final temperature in the tank, the mass of R- 134a that entered, and the heat transfer 
are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the tank (will be 
verified). 


Properties The properties of refrigerant are (Tables A-l 1 through A- 13) 


T x = 14°C 


jt/j = v f +x x v fg = 0.0008020 + 0.7 x (0.04342 - 0.0008020) = 0.03063 m 3 /kg 


x x =0.7 J 

P 2 = 700 kPa 
sat. vapor 


u x = Uf + x x Uj„ = 70.57 + 0.7 x 167.26 = 187.65 kJ/kg 

v 2 ~ ^@700 kPa = 0.02936 m 3 /kg 
11 2 =u g@ 700 kPa = 244.48 kJ/kg 


Pi =1.0 MPa 

Ti=m°c 


\hi =335.06 kJ/kg 


Analysis We take the tank as the system, which is a control volume 
since mass crosses the boundary. Noting that the microscopic energies 
of flowing and nonflowing fluids are represented by enthalpy h and 
internal energy u, respectively, the mass and energy balances for this 
uniform-flow system can be expressed as 

Mass balance : m- m — m out = Am system — > m- = m 2 - m x 


R-134a 1 MPa 

> 100°C 



Energy balance : 


^in ^out 


A E 


system 


Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Q m + m l h l = m 2 u 2 - m x u x (since W = ke = pe = 0) 

(a) The tank contains saturated vapor at the final state at 800 kPa, and thus the final temperature is the saturation 
temperature at this pressure, 


^2 — ^sat @700 kPa -26.7°C 


( b ) The initial and the final masses in the tank are 


V 


0.4 nr 


m x = 


Vi 0.03063 m7kg 


(/ 


0.4 m 


m 2 = 


= 13.06 kg 


= 13.62 kg 


t/ 2 0.02936 m /kg 

Then from the mass balance 

m { = m 2 - m x =13.62-13.06 = 0.5653 kg 

(c) The heat transfer during this process is determined from the energy balance to be 


<2 in = -nt/hj + m 2 u 2 - m x u x 

= -(0.5653 kg)(335.06 kJ/kg) + (l3.62 kgX244.48 kJ/kg)- (l3.06 kg)(l87.65 kJ/kg) 

= 691 kj 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



5-106 


5-134 A hot-air balloon is considered. The final volume of the balloon and work produced by the air inside the balloon as it 
expands the balloon skin are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential 
energies are negligible. 4 There is no heat transfer. 

Properties The gas constant of air is 0.287 kPa-m 3 /kg-K (Table A-l). 

Analysis The specific volume of the air at the entrance and exit, and in the balloon is 


RT 

v 

P 


(0.287 kPa • m 3 /kg • K)(35 + 273 K) 
100 kPa 


0.8840 m 3 /kg 


The mass flow rate at the entrance is then 


m, 


-W 


(lmi)(2 f S) - 2.262 kg/ s 
0.8840 m 3 /kg 


while that at the outlet is 


m e = 


We 

V 


0.8840 m 3 /kg 


Applying a mass balance to the balloon, 

m 'm ~ m ovX ~ system 

m i —m e = m 2 - m x 

m 2 - m x - (m i - m e )A t = [(2.262 - 0.5656) kg/s](2 x 60 s) = 203.6 kg 
The volume in the balloon then changes by the amount 

AC/ = (m 2 - m x )(/ = (203.6 kg)(0. 8840 m 3 /kg) = 180m 3 


and the final volume of the balloon is 

V 2 = l/| +AC/ = 75 + 180 = 255 m 3 

In order to push back the boundary of the balloon against the surrounding atmosphere, the amount of work that must be 
done is 


Vf^out = PAi/ = (100 kPa)(180 nr ) 


IkJ 

1 kPa • m 


18,000 kJ 
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5-135 An insulated rigid tank initially contains helium gas at high pressure. A valve is opened, and half of the mass of 
helium is allowed to escape. The final temperature and pressure in the tank are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process by using constant average properties for the helium leaving the tank. 2 Kinetic 
and potential energies are negligible. 3 There are no work interactions involved. 4 The tank is insulated and thus heat 
transfer is negligible. 5 Helium is an ideal gas with constant specific heats. 

Properties The specific heat ratio of helium is k =1.667 (Table A-2). 

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 

Mass balance : m m — m out = Am system — > m e — m x - m 2 

m 2 -\ m \ (given) > m e = m 2 = \m x 

Energy balance : 

^in — ^out = ^-^systern 

V v ' v V / 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

- m e h e = m 2 u 2 - m x u x (since W = Q = he = pe = 0) 



Note that the state and thus the enthalpy of helium leaving the tank is changing during this process. But for simplicity, we 
assume constant properties for the exiting steam at the average values. 


T +T 

0 = h e +u 2 -2u x or 0 = c p — 


Combining the mass and energy balances: 0 = -j m \K + \ m \ u 2 ~ m \ u \ 

Dividing by m x /2 
Dividing by cj. 

Solving for T 2 : 


ycJ 2 -2c u T x 


0 =k(T l +T 2 ) + 2T 2 —47^ since k=c !c v 


T = ( 4 1 - 667 ) ( 403 k) = 2 57K 

2 (2 + it) (2 + 1.667)' ' 


The final pressure in the tank is 


P x V _ m x RT x 
P 2 i/ m 2 RT 2 


=1 — (3000 kPa)= 956 kPa 
m x T x 2 403 y 
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5-136E An insulated rigid tank equipped with an electric heater initially contains pressurized air. A valve is opened, and air 
is allowed to escape at constant temperature until the pressure inside drops to 30 psia. The amount of electrical work 
transferred is to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the exit temperature (and enthalpy) of air remains constant. 2 Kinetic and 
potential energies are negligible. 3 The tank is insulated and thus heat transfer is negligible. 4 Air is an ideal gas with 
variable specific heats. 

Properties The gas constant of air is R =0.3704 psia.ftVlbm.R (Table A- IE). The properties of air are (Table A-17E) 


T t = 580 R 
7] = 580 R 
T 2 = 580 R 


» hi = 138.66 Btu/lbm 

■» u x = 98.90 Btu/lbm 

-> u 2 = 98.90 Btu/lbm 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, 
the mass and energy balances for this uniform- flow system can be expressed as 


Mass balance : 


m '\n m o\xt ^^system ^ 


m e = m x — m 2 


Energy balance : 

77 77 _ a 77 

/-'in ^out — z - VC/ system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

VT e ^ - m e h e = m 2 u 2 - m x u x (since Q = ke = pe = 0) 


The initial and the final masses of air in the tank are 
Py (75 psia)(60 ft 3 ) 

yyi — — _< L- 

' RT X (o.3704 psia • ft 3 /lbm • R j(580 r) 
P 2 V (30 psia)(60 ft 3 ) 

RT 2 (0.3704 psia • ft 3 /lbm • R j(580 r) 


= 20.95 lbm 
= 8.38 lbm 



Then from the mass and energy balances, 

m e - m x - m 2 = 20.95 - 8.38 = 12.57 lbm 

We.in = m e h e + m 2 u 2 - m x u x 

= (12.57 lbm)(l38.66 Btu/lbm) + (8.38 lbmX98.90 Btu/lbm)- (20.95 lbmX98.90 Btu/lbm) 

= 500 Btu 
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5-137 A vertical cylinder initially contains air at room temperature. Now a valve is opened, and air is allowed to escape at 
constant pressure and temperature until the volume of the cylinder goes down by half. The amount air that left the cylinder 
and the amount of heat transfer are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the exit temperature (and enthalpy) of air remains constant. 2 Kinetic and 
potential energies are negligible. 3 There are no work interactions other than boundary work. 4 Air is an ideal gas with 
constant specific heats. 5 The direction of heat transfer is to the cylinder (will be verified). 

Properties The gas constant of air is R = 0.287 kPa.m 3 /kg.K (Table A-l). 

Analysis (a) We take the cylinder as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 


Mass balance : 

m m - »W = ^system m e = m \ ~ >»2 


Energy balance : 

fin ~ Spot — ^-“system 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Gin + W b in - tn e h e = m 2 u 2 - m 1 w 1 (since ke = pe = 0) 



The initial and the final masses of air in the cylinder are 

(300 kPa)(o.2 m 3 


m, — 


m 


RT\ (0.287 kPa • m 3 /kg • K 1293 K) 


= 


P 2 v 2 


(30QkPa)(o.lm 


= 0.714 kg 


= 0.357 kg = \m x 


RT 2 (0.287 kPa • m 3 /kg • Kj(293 K) 

Then from the mass balance, 

m e = m x -m 2 = 0.7 14 - 0.357 = 0.357 kg 

(b) This is a constant pressure process, and thus the Wb and the A U terms can be combined into AH to yield 

Q = m e h e + m 2 h 2 - m x h x 

Noting that the temperature of the air remains constant during this process, we have 


hj = hj = h 2 = h. 

Also, 

m e = m 2 = j m x . 


Thus, 



+l m i 
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5-138 A balloon is initially filled with helium gas at atmospheric conditions. The tank is connected to a supply line, and 
helium is allowed to enter the balloon until the pressure rises from 100 to 125 kPa. The final temperature in the balloon is to 
be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform- flow process since the state of fluid at the inlet remains constant. 2 Helium is an ideal gas 
with constant specific heats. 3 The expansion process is quasi-equilibrium. 4 Kinetic and potential energies are negligible. 
5 There are no work interactions involved other than boundary work. 6 Heat transfer is negligible. 

Properties The gas constant of helium is R = 2.0769 kJ/kg-K (Table A-l). The specific heats of helium are c p = 5.1926 and 
c v = 3.1 156 kJ/kg-K (Table A-2a). 

Analysis We take the cylinder as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 


Mass balance : 


m m ~ m out = ^"system m i = m 2 ~ m l 


Energy balance : 


^in ^out 


A E 


system 


Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


m 


hj = W b out + m 2 u 2 - m x ii x (since Q = ke = pe = 0) 


m, = 


m 

RT 


P, t/ 


100 kPa 40 m 

y 4 r = 6.641 kg 

2.0769 kPa • m 3 /kg • KJ290 K) 

ft 


ft V 


= 


p, 


V, = 


125 kPa | 3 \ 3 

140 m )=50 m~ 

100 kPa 


m 2 = 


^ 2^2 

RT, 


(l25kPa)(50m J | 3009.3 

2.0769 kPa • m 3 /kg • K](r 2 K) 7- 


r,= 25°C 
P t = 125 kPa 

1 



Then from the mass balance, 


m l — m 2 


3009.3 

T 2 


6.641kg 


Noting that P varies linearly with 1/ the boundary work done during this process is 

= TUI (y 2 _ t / 1 )= (lQ ° + 125 ) kPa (50 - 40)m 3 =1125 kJ 
^ — 

Using specific heats, the energy balance relation reduces to 

Wb.ou, = mf/i - m 2 c v T 2 + m { cj { 

Substituting, 


1125 = 


3009.3 


-6.641 


3009.3 


(5.1926X298) -(3.1 156)t 2 + (6.64l)(3.1 156X290) 


T 


It yields 

T 2 = 315 K 
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5-139 The air in an insulated, rigid compressed-air tank is released until the pressure in the tank reduces to a specified 
value. The final temperature of the air in the tank is to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential 
energies are negligible. 4 There are no work interactions involved. 5 The tank is well-insulated, and thus there is no heat 
transfer. 

Properties The gas constant of air is 0.287 kPa-m 3 /kg-K (Table A-l). The specific heats of air at room temperature are c p = 
1 .005 kJ/kg-K and =0.718 kJ/kg-K (Table A-2 a). 

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 

Mass balance : 


m 'm ~ m oui ~ system 

— m e = m 2 — m x 

m e = m, - m 2 

Energy balance : 

fin ~ £out — ^^system 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

- m e h e = m 2 u 2 -m x u x 

0 = m 2 u 2 — m x u x +m e h e 
0 = m 2 cj 2 - myCji + m e c p T e 

Combining the two balances : 

0 = m 2 cJT 2 -m x c v T x + (m, -m 2 )c p T e 



The initial and final masses are given by 

IW (4000 kPa)(0.5 m 3 ) 

m x = = = 23.78 kg 

RT X (0.287 kPa-m 3 /kg-K)(20 + 273 K) 

P 2 V (2000 kPa)(0.5 m 3 ) 3484 

m 2 = = = 

RT 2 (0.287 kPa • m 3 /kg • K)T 2 T 2 


The temperature of air leaving the tank changes from the initial temperature in the tank to the final temperature during the 
discharging process. We assume that the temperature of the air leaving the tank is the average of initial and final 
temperatures in the tank. Substituting into the energy balance equation gives 


0 = m 2 c {/ T 2 -m x cJT x +(m x -m 2 )c p T e 
3484 


0 = 


77 


(0.718)T 2 - (23.78)(0.71 8)(293) + 


23.78 


3484 


T 


(1.005) 


2 J 


293 + 77 
2 


7 


whose solution by trial-error or by an equation solver such as EES is 


To = 241 K = -32°C 
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5-140 An insulated piston-cylinder device with a linear spring is applying force to the piston. A valve at the bottom of the 
cylinder is opened, and refrigerant is allowed to escape. The amount of refrigerant that escapes and the final temperature of 
the refrigerant are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process assuming that the state of fluid leaving the device remains constant. 2 Kinetic 
and potential energies are negligible. 

Properties The initial properties of R- 134a are (Tables A-l 1 through A- 13) 


P x =1.2 MPa 
T x = 120°C 


v \ 

>u x 

h \ 


= 0.02423 m 3 /kg 
= 325.03 kJ/kg 

= 354.1 lkJ/kg 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 

Mass balance : m m - m out = Ara system — > m e = m x - m 2 


Energy balance : 

fin ~ £out ~ ^^system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

W h in - m e h e = m 2 u 2 - m x u x (since Q = ke = pe = 0) 


The initial mass and the relations for the final and exiting masses are 


m x = 


« = °- 8m ; = 33.02 kg 

0.02423 m 3 /kg 


0.5 m 


mo = 


1/ 


v 2 


m e = m x — m 2 = 33.02 - 


0.5 nr 


(/- 



Noting that the spring is linear, the boundary work can be determined from 


W b ,m = 


^ 1+^2 

2 


W- V 2 ) = 


(1200 + 600) kPa 
2 


(0.8-0.5)m 3 = 270 kJ 


Substituting the energy balance, 


270- 


33.02 


0.5 m 


3 ^ 


1/ 


K = 


+.5n+ 


(A 

V 2 J 


u 2 - (33.02 kg)(325.03 kJ/kg) (Eq. 1) 


where the enthalpy of exiting fluid is assumed to be the average of initial and final enthalpies of the refrigerant in the 
cylinder. That is, 


K = 


h x + h 2 (354. 1 1 kJ/kg) + h 2 


2 


2 


Final state properties of the refrigerant (/z 2 , u 2 ,and t^) are all functions of final pressure (known) and temperature 
(unknown). The solution may be obtained by a trial-error approach by trying different final state temperatures until Eq. (1) 
is satisfied. Or solving the above equations simultaneously using an equation solver with built-in thermodynamic functions 
such as EES, we obtain 

T 2 = 96.8°C, m e = 22.47 kg, h 2 = 336.20 kJ/kg, 

« 2 = 307.77 kJ/kg, (/, = 0.04739 m 3 /kg, m 2 = 10.55 kg 
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5-141 Steam at a specified state is allowed to enter a piston-cylinder device in which steam undergoes a constant pressure 
expansion process. The amount of mass that enters and the amount of heat transfer are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid entering the device remains constant. 2 Kinetic and 
potential energies are negligible. 

Properties The properties of steam at various states are (Tables A-4 through A-6) 


v x = — - = m =0. 16667 m 3 /kg 


m 


0.6 kg 


P 2 =P { 


P x = 800 kPa 
v x = 0.16667 m 3 /kg 


\u x = 2004.4 kJ/kg 


P 2 = 800 kPa 
T 2 = 250°C 


i/ 2 = 0.29321 m 3 /kg 
u 2 =2715.9 kJ/kg 


Pj = 5 MPa 
T ; = 500°C 


h: = 3434.7 kJ/kg 



Steam 
5 MPa 
500°C 


Analysis (a) We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 

Mass balance : 

'«in - '»out = Aw Wem m i = m 2 ~ m l 


Energy balance : 


^in ^out 

V 

Net energy transfer 
by heat, work, and mass 


A F 

system 

y j 

v 

Change in internal, kinetic, 
potential, etc. energies 


Gin ~ Wb out + m i\ - m 2 u 2 ~ m \ u \ (since he = pe = 0) 


Noting that the pressure remains constant, the boundary work is determined from 
W b ,out =r 5 (t / 2-t / i) = (800kPa)(2x0.1-0.1)m 3 =80kJ 
The final mass and the mass that has entered are 


m 2 = 




v 


0.2 m 


= 0.682 kg 


0.29321 m 3 /kg 
m i - m 2 - m x = 0.682 - 0.6 = 0.082 kg 

( b ) Finally, substituting into energy balance equation 

Q m - 80 kJ + (0.082 kg)(3434.7 kJ/kg) = (0.682 kg)(2715.9 kJ/kg) - (0.6 kg)(2004.4 kJ/kg) 

Q m = 447.9 kJ 
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5-142 Steam is supplied from a line to a piston-cylinder device equipped with a spring. The final temperature (and quality if 
appropriate) of the steam in the cylinder and the total work produced as the device is filled are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Kinetic and potential 
energies are negligible. 3 The process is adiabatic. 

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, 
and also noting that the initial mass in the system is zero, the mass and energy balances for this uniform-flow system can be 
expressed as 

Mass balance: m m - m out = Am sy stem > m i =m 2 

Energy balance : 

^in ~ ^out ~ system 

V v / v V ' 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

m i h i ~ W b,out = rn 2 u 2 

VaW* 

W b, out = m i h i — m 2 u 2 
Combining the two balances : 

W b, out = m 2 ( h i -“ 2 ) 



Because of the spring, the relation between the pressure and volume is a linear relation. According to the data in the 
problem statement, 


P-300 


2700 

5 


1 / 


The final vapor volume is then 



= — (1 500 - 300) = 2.222 m 3 
2700 


The work needed to compress the spring is 



v 2 

i 


^ 2700 


1/ + 300 


d V = 


2700 0 o 

Vf + 300(4 = 270x2.222" +300x2.222 = 2000 kJ 

2x5 


The enthalpy of steam at the inlet is 


P i = 1500 kPa 
T t = 200°C 


\h t = 2796.0 kJ/kg 


(Table A -6) 


Substituting the information found into the energy balance equation gives 

9 222 

w b> out =M 2 (hi-u 2 ) >w b t =-{h i -u 2 ) >2000 = — (2796.0-w 2 ) 

c / 2 c / 2 

Using an iterative solution of this equation with steam tables gives (or better yet using EES software) 

T 2 = 233. 2°C 

u 2 =2664.8 kJ/kg 

v 2 = 0.1458 m 3 /kg 
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5-143 Air is supplied from a line to a piston-cylinder device equipped with a spring. The final temperature of the steam in 
the cylinder and the total work produced as the device is filled are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Kinetic and potential 
energies are negligible. 3 The process is adiabatic. 4 Air is an ideal gas with constant specific heats. 

Properties The gas constant of air is 0.287 kPanrVkg-K (Table A-l). The specific heats of air at room temperature are c p = 

1 .005 kJ/kg-K and c v = 0.718 kJ/kg-K (Table A-2 a). 

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, 
and also noting that the initial mass in the system is zero, the mass and energy balances for this uniform-flow system can be 
expressed as 

Mass balance: m m - m out = Am system » m i -m 2 

Energy balance : 

E m~ E ovX i = AZi system PUtoo 

' v / , v v ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

m i h i ~ W b,o ut =m 2 u 2 

WVout =m i h i -m 2 u 2 

Combining the two balances : 

W b , out =>n 2 { h i ~ u 2 ) 



Because of the spring, the relation between the pressure and volume is a linear relation. According to the data in the 
problem statement, 


P -300 


2700 

5 


V 


The final air volume is then 


(/, = — - — (2000-300) = 3.148 m 3 
2700 

The work needed to compress the spring is 

W bout = \PdV= ™C/ + 30oVt/=™t/ 2 2 + 300t/ 2 =270x3. 148 2 +300x3. 148 = 3620 kJ 

J J y 5 ) 2x5 

Substituting the information found into the energy balance equation gives 

W b, out ='» 2 ( /i ,' ~ u l) 

P 2 V 2 , 

"W =-^(c p T i -c v T 2 ) 

ivi 2 

3620 = 2QQQx3 - 148 (! 005 x 600 - 0.7 1 8 x T , ) 

(0.287)P 2 

The final temperature is then 

T 2 = 682.9 K = 409. 9°C 
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Review Problems 


5-144 Carbon dioxide flows through a throttling valve. The temperature change of CO 2 is to be determined if CO 2 is 
assumed an ideal gas and a real gas. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat transfer to or from the fluid is negligible. 4 There are no work interactions involved. 

Analysis There is only one inlet and one exit, and thus m x = m 2 = m . We take the throttling valve as the system, which is a 

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


77 _ 17 _ a 77 ^0 (steady) _ /-v 

^in ^ out — system — u 

^in = ^out 

mh x = mh 2 

h\ =h 2 


C0 2 
5 MPa 
100°C 


► 



100 kPa 


since Q = W = A ke = Ape = 0 . 

(a) For an ideal gas, h = h( T), and therefore, 


T 2 =T { = 100°C 


T = T X -T 2 =0°C 


(b) We obtain real gas properties of C0 2 from EES software as follows 
P] = 5 MPa 

1 \h x = 34.77 kJ/kg 

T x =100°C 


P 2 =100kPa 
h 2 =h x = 34.77 kJ/kg 



66.0°C 


Note that EES uses a different reference state from the textbook for CO 2 properties. The temperature difference in this case 
becomes 

AT = T X -T 2 = 100-66.0 = 34.0°C 

That is, the temperature of CO 2 decreases by 34°C in a throttling process if its real gas properties are used. 
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5-145 Helium flows steadily in a pipe and heat is lost from the helium during this process. The heat transfer and the 
volume flow rate at the exit are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 

Properties The gas constant of helium is 2.0769 kPa.mVkg.K. The constant pressure specific heat of air at room 
temperature is c p = 5. 1926 kJ/kg-°C (Table A-2 a). 

Analysis (a) We take the pipe in which the argon is heated as the system, which is a control volume. The energy balance for 
this steady-flow system can be expressed in the rate form as 


^in ^out 

v, j 

V 

Rate of net energy transfer 
by heat, work, and mass 


a h *0 (steady) 

L * Cj system 

v. J 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 


= o 


mb i = mh 2 + <2 out 
Gout = mQh ~ l h) 
Gout =mc p (T ] \ -T 2 ) 


100 kPa, 700 K 
8 kg/s 


Helium 




Substituting, 

Q out = me p (T x - T 2 ) = (8 kg/s)(5.1926 kJ/kg • K)(427 - 27)K =16,620 kW 


300 K 


(b) The exit specific volume and the volume flow rate are 


RT 2 (2.0769 kPa • m 3 /kg • K)(300 K) 

1/2 ~ P 2 ~ 100 kPa 

l/ 2 = mv 2 = (8 kg/s)(6.23 1 m 3 /kg) = 49.85 m 


= 6.231m 3 /kg 
3 /s 
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5-146 The rate of accumulation of water in a pool and the rate of discharge are given. The rate supply of water to the pool is 
to be determined. 


Assumptions 1 Water is supplied and discharged steadily. 2 The rate of evaporation of water is negligible. 3 No water is 
supplied or removed through other means. 

Analysis The conservation of mass principle applied to the pool requires that the rate of increase in the amount of water in 
the pool be equal to the difference between the rate of supply of water and the rate of discharge. That is, 


^ m pool . . . ^ m pool 

= m ; -m„ — » m, = hm, — » 

dt dt 


1/ = 


d (/, 


pool 


dt 


1 / 


since the density of water is constant and thus the conservation of mass is 
equivalent to conservation of volume. The rate of discharge of water is 

V e =A e V e =(7d) 2 / 4)V e = pr(0.07 m) 2 /4](4 m/s) = 0.01539 m 3 /s 

The rate of accumulation of water in the pool is equal to the cross- 
section of the pool times the rate at which the water level rises, 

— = ^cross-section ^levei = ( 6 m x 9 m)(0.025 m/min) = 1.35 m 3 /min = 0.0225 m 3 /s 
dt 

Substituting, the rate at which water is supplied to the pool is determined to be 

• = ^ooi_ ■ a0225 + 0.01539 = 0.0379 m 3 /s 

' dt 

Therefore, water is supplied at a rate of 0.0379 m 3 /s = 37.9 L/s. 



5-147 Air is accelerated in a nozzle. The density of air at the nozzle exit is to be determined. 

Assumptions Flow through the nozzle is steady. 

Properties The density of air is given to be 4.18 kg/m 3 at the inlet. 

Analysis There is only one inlet and one exit, and thus m x = m 2 = m . Then, 
m x = m 2 

P\A\V i =p 2 A 2 V 2 

P 1 = ~^~Pi = 2 ! on m/ / S (4 - 1 8 kg/m 3 ) = 264 kg/m3 
A 2 V 2 380 m/s 

Discussion Note that the density of air decreases considerably despite a decrease in the cross-sectional area of the nozzle. 
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5-148E A heat exchanger that uses hot air to heat cold water is considered. The total flow power and the flow works for 
both the air and water streams are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 Heat loss from the device to the surroundings is negligible and thus heat 
transfer from the hot fluid is equal to the heat transfer to the cold fluid. 5 Air is an ideal gas with constant specific heats at 
room temperature. 

Properties The gas constant of air is 0.3704 psia.ft 3 /lbm.R =0.06855 Btu/lbm.R (Table A- IE). The specific volumes of 
water at the inlet and exit are (Table A-4E) 


P \ = 20 psia | . 

T =5Q o F [^3 — ^/@50 °f = 0.01602 ft /lbm 


AIR 


P 4 = 17 psia 
T 4 = 90°F 


>v 4 =i/y@ 90 o F = 0.01610 ft 3 /lbm 


Analysis The specific volume of air at the inlet and the mass 


</i = 


RT X _ (0.3704 psia • ft /lbm • R)(200 + 460 R) 
P x 20 psia 



. l/j (100/ 60) ft /s , 

m - — = = 0.1364 lbm/s 

V 1 12.22 fit' 3 /lbm 

Combining the flow work expression with the ideal gas equation of state gives 

w fl0W =p 2 c/ 2 — P\V\ = R(t 2 - ^ ) = (0.06855 Btu/lbm R)(ioo-200)R = -6.855 Btu/lbm 

The flow work of water is 


Wflow = P 4 V 4~ P 3 V 3 


= [(17 psia)(0.01610 ft 3 /lbm)- (20psia)(0.01602 ft 3 /lbm) - 


1 Btu 


5.404 psia -ft 


= -0.00864 Btu/lbm 

The net flow power for the heat exchanger is 

Wflow — /7t air ^ flow ^air ^flow 

= (0.1364 lbm/s)(-6.855 Btu/lbm) + (0.5 lbm/s)(-0.00864 Btu/lbm) 

lhp 


= -0.9393 Btu/s 


0.7068 Btu/s 


= -1 .329 hp 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



5-120 


5-149 An air compressor consumes 6.2 kW of power to compress a specified rate of air. The flow work required by the 
compressor is to be compared to the power used to increase the pressure of the air. 


Assumptions 1 Flow through the compressor is steady. 2 Air is an ideal gas. 
Properties The gas constant of air is 0.287 kPa-m 3 /kg-K (Table A-l). 
Analysis The specific volume of the air at the inlet is 


</. = 


RT X (0.287 kPa • m 3 /kg • K)(20 + 273 K) 


P 


120kPa 


= 0.7008 m 3 /kg 


The mass flow rate of the air is 


m = 




i/, 


0.015 m 3 /s 


= 0.02140 kg/s 


0.8 MPa 



i 0.7008 m /kg 

Combining the flow work expression with the ideal gas equation of state gives the flow work as 
w flow — P 2 v 2 — P\ =R(T 2 -T x ) = (0.287 kJ/kg • K)(300-20)K = 80.36 kJ/kg 


The flow power is 

W flow = mw fl0W = (0.02140 kg/s)(80.36 kJ/kg) = 1 .72 kW 
The remainder of compressor power input is used to increase the pressure of the air: 
w = W to uUn - Wflow = 6.2 - 1 .72 = 4.48 kW 


5-150 Steam expands in a turbine whose power production is 9000 kW. The rate of heat lost from the turbine is to be 
determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 


Properties From the steam tables (Tables A-6 and A-4) 
P x = 1.6 MPa 


T x = 350°C 
T 2 = 30°C 


v 2 = 1 


h x =3146.0 kJ/kg 


h 2 = 2555.6 kJ / kg 


1.6 MPa 
350°C 
16 kg/s 


Analysis We take the turbine as the system, which is a control volume since mass 
crosses the boundary. Noting that there is one inlet and one exiti the energy balance for 
this steady-flow system can be expressed in the rate form as 


Heat 



30°C 
sat. vap. 



Rate of net energy transfer 
by heat, work, and mass 


A E 


system 


<p0 (steady) 


= 0 


v 

Rate of change in internal, kinetic, 
potential, etc. energies 



m A =m 2 h 2 +W 0Ut +g out 
Gout =m(h\ -h 2 )-W 0M 


Substituting, 

g out = (16 kg/s)(3 146.0 - 2555.6) kJ/kg - 9000 kW = 446.4 kW 
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5-151E Nitrogen gas flows through a long, constant-diameter adiabatic pipe. The velocities at the inlet and exit are to be 
determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Nitrogen is an ideal gas with constant 
specific heats. 3 Potential energy changes are negligible. 4 There are no work interactions. 5 The re is no heat transfer from 
the nitrogen. 

Properties The specific heat of nitrogen at the room temperature iss c p = 0.248 Btu/lbm-R (Table A-2E a). 

Analysis There is only one inlet and one exit, and thus m x = m 2 = m . We take the pipe as the system, which is a control 

volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 



Rate of net energy transfer 
by heat, work, and mass 


a T 710 (steady) 
system 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 



m(h x + V x / 2) 
h x +VJ 2 / 2 

V? -^2 2 
2 


m(h 2 + V 2 12) 
h 2 + V 2 12 

c p (T 2 ~T x ) 


100 psia 
120°F 


Combining the mass balance and ideal gas equation of state yields 


m x = m 


AiV i A 2 V 2 


i/, 


c/ 


V 2 = 


At (/-) c/9 T9 Pt 

— — -Vj = —v l = — — 


V, 


A 2 V, 


V 


T x P 2 


N 2 




50 psia 
70°F 


Substituting this expression for V 2 into the energy balance equation gives 


Vt = 


2c p (T 2 - 7/ ) 

0.5 

2(0.248)(70-120)| 

" 25,037 ft 2 /s 2 ) 

1- 

r T 2 Pt ' 

Tl p 2) 

2 

1- 

f 530 100) 
1 580 50 J 

2 

1 Btu/lbm J 


51 5 ft/s 


The velocity at the exit is 


T 2 Pt 

V , = — — V 
- T\ P 2 


530 100 
580 50 


515 = 941 ft/s 
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5-152 Water at a specified rate is heated by an electrical heater. The current is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The heat losses from the water is negligible. 

Properties The specific heat and the density of water are taken to be c p = 4.18 kJ/kg-°C and p= 1 kg/L (Table A-3). 

Analysis We take the pipe in which water is heated as the system, which is a control volume. The energy balance for this 
steady-flow system can be expressed in the rate form as 



Rate of net energy transfer 
by heat, work, and mass 



mh { 


+ W. 


e,in 



V/ 


A Z7 7,0 (steady) 

system 

^ j 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 



mh 2 


m{h 2 - h t ) 
mc p (T 2 -7',) 


18°C 
0.1 L/s 



30°C 


The mass flow rate of the water is 


m = pO = (1 kg/L)(0. 1 L/s) = 0. 1 kg/s 


Substituting into the energy balance equation and solving for the current gives 


mc p (T 2 -r t ) 

V 


(0. 1 kg/s)(4. 1 8 kJ/kg • K)(30 - 1 8)K 
110V 


hooovh 

v lkJ/s , 


= 45.6 A 


5-153 Water is boiled at T sat = 


100°C by an electric heater. The rate of evaporation of water is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat losses 
from the outer surfaces of the water tank are negligible. 

Properties The enthalpy of vaporization of water at 100°C is 
/zfg = 2256.4 kJ/kg (Table A-4). 

Analysis Noting that the enthalpy of vaporization represents 
the amount of energy needed to vaporize a unit mass of a liquid 
at a specified temperature, the rate of evaporation of water is 
determined to be 

^e,boiling 3 kJ / S 

/77 — — 

evaporation ^ 2256.4 kJ/kg 

= 0.00133 kg/s = 4.79 kg/h 


Steam 





Water 

100°C 

Heater 
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5-154 Steam flows in an insulated pipe. The mass flow rate of the steam and the speed of the steam at the pipe outlet are to 
be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work and heat interactions. 

Analysis We take the pipe in which steam flows as the system, which is a control volume. The energy balance for this 
steady-flow system can be expressed in the rate form as 


p _ p - a/? 7,0 ( stead y) _ a 

^in -^out — system — w 

V V ' V V ' 

Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


^in — ^out 

mh x — mh 2 



1400 kPa, 350°C 

Water 

1000 kPa 

D=0. 1 5 m, 10 m/s 

► 

D=0.1 m 


The properties of the steam at the inlet and exit are (Table A-6) 

P = 1400 kPa 1 c/j = 0.20029 m 3 /kg 
r = 350°C J h x = 3150.1kJ/kg 



The outlet velocity will then be 

v = = 4jj ^2 = 4(0.8823 kg/s)(0. 28064 m 3 /kg) = ^ ^ m/g 

A 2 7tD 2 tt( 0. 1 0 m) 2 
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5-155 The mass flow rate of a compressed air line is divided into two equal streams by a T-fitting in the line. The velocity 
of the air at the outlets and the rate of change of flow energy (flow power) across the T-fitting are to be determined. 

Assumptions 1 Air is an ideal gas with constant specific heats. 2 The flow is steady. 3 Since the outlets are identical, it is 
presumed that the flow divides evenly between the two. 


Properties The gas constant of air is R = 0.287 kPa-m 3 /kg-K (Table A-l). 
Analysis The specific volumes of air at the inlet and outlets are 


1.4 MPa 
36°C 


= 


^ = (Q ' 287 kP a- m /kg-K)(40 + 273K) = 


t / 2 = C / 3 = 


1600kPa 


RT 2 _ (0.287 kPa-m 3 /kg-K)(36 + 273 K) 
Pn ~ 1400 kPa 


= 0.06335 m 3 /kg 


1.6 MPa 
40°C 
50 m/s 


Assuming an even division of the inlet flow rate, the mass balance can be 
written as 


4 V) _ 2 a 2 v 2 




A x t/ 2 V x _ 0,06335 50 
^ 2 ~ 0.05614 2 


= 28.21 m/s 


1.4 MPa 
36°C 


The mass flow rate at the inlet is 


m x - 


Ah _ kD 1 h _ ^(0-025 m) 2 50 m/s _ Q 13?2k /„ 

I/, 4 (/, 4 0.056 14 m 3 /kg 


while that at the outlets is 


m, 0.4372 kg/s . 

m 2 = m 3 = — - = = 0.2 1 86 kg/s 

^ 2 


Substituting the above results into the flow power expression produces 


WJiow = 2 m 2 P 2 </ 2 - ri^p. [t/i 

= 2(0.2186 kg/s)(1400 kPa)(0.06335 m 3 /kg) - (0.4372 kg/s)(1600 kPa)(0.05614 m 3 /kg) 

= -0.496 kW 
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5-156 Air flows through a non-constant cross-section pipe. The inlet and exit velocities of the air are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy change is negligible. 3 
There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 5 Air is an ideal gas with 
constant specific heats. 

Properties The gas constant of air is R = 0.287 kPa.m 3 /kg.K. Also, c p = 1.005 kJ/kg.K for air at room temperature (Table A- 

2 ) 

Analysis We take the pipe as the system, which is a 

control volume since mass crosses the boundary. [) l ^ ~ p 

The mass and energy balances for this steady-flow 200 kPa 175 kp a 

system can be expressed in the rate form as 65 °C ► Air 60°C 

Mass balance: ^ ~ Vi 


~ <ut = A "\ystem 


710 (steady) 


= 0 


m m = m ouX 


-> Pi A\V i - P2A-2V 2 


-> 


P\ 7rD 


RT X 4 


■Vi = 


A ttD 


RTn 4 


V, 


R 


A 


>—D{V x = 


T, 


A 


2 K 2 


Energy balance: 


^in ^out 


A E 


710 (steady) 


system 


= 0 since W = Ape = 0) 


Rate of net energy transfer R a t e 0 f change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


^in “ ^out 


/ V l 2 - / V 2 

— - h 2 + — + ?out 


or 


Vi 2 y, 2 

c p T 1 +— = c p T 2 +^- + q out 


Assuming inlet diameter to be 1.4 m and the exit diameter to be 1.0 m, and substituting given values into mass and energy 
balance equations 


" 200kPa N 
, 338 K , 


(1.4m) 2 V| = 


" !75kPa N 
, 333 K , 


(1.0m) 2 V 2 


(1) 


(1.005 kJ/kg.K)(338K) + 


y, 


2 


1 kJ/kg 


1000 m 2 /s 2 


= (1.005 kJ/kg.K)(333K) + 


Vn 


2 


1 kJ/kg 


1000 m 2 /s 2 


+ 3.3 kJ/kg (2) 


There are two equations and two unknowns. Solving equations (1) and (2) simultaneously using an equation solver such as 
EES, the velocities are determined to be 


V, = 29.9 m/s 
V 2 = 66.1 m/s 
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5-157 Heat is lost from the steam flowing in a nozzle. The exit velocity and the mass flow rate are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change 
with time. 2 Potential energy change is negligible. 3 There are no 
work interactions. 

Analysis (a) We take the steam as the system, which is a control 
volume since mass crosses the boundary. The energy balance for this 
steady-flow system can be expressed in the rate form as 

Energy balance: 

/7 _ /7 - A/7 7,0 ( stead y) _ f) 

Mn ^out ZA ^system u 

^ v / v V ' 

Rate ot net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 



m h 2 +^~ + e out 


since W = Ape = 0) 


or V 2 = p(h x -h 2 -q out ) 

The properties of steam at the inlet and exit are (Table A-6) 


P x = 200 kPa 
T x = 150°C 


>h x =2769.1 kJ/kg 


P 2 = 75 kPa ){/ 2 = 2.2172 m 3 /kg 
sat. vap. J h 2 = 2662.4 kJ/kg 

Substituting, 

V, =j2(h, -h, -q aat )=, 2(2769.1- 2662.4 -26)kJ/kgf lkJ/kg 1 = 401 .7 m/s 

V V1000 m 2 /s 2 ) 


(b) The mass flow rate of the steam is 


m = — A 2 V 2 = 


2.2172 m 3 /kg 


(0.001 m 2 )(401.7 m/s) = 0.181 kg/S 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



5-127 


5-158 Water is boiled at a specified temperature by hot gases flowing through a stainless steel pipe submerged in water. 
The rate of evaporation of is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat losses 
from the outer surfaces of the boiler are negligible. 

Properties The enthalpy of vaporization of water at 150°C is 
/zf g = 21 13.8 kJ/kg (Table A-4). 

Analysis The rate of heat transfer to water is given to be 74 kJ/s. 
Noting that the enthalpy of vaporization represents the amount of 
energy needed to vaporize a unit mass of a liquid at a specified 
temperature, the rate of evaporation of water is determined to be 


m 


^boiling 


evaporation 


h 


fs 


74 kJ/s 
21 13.8 kJ/kg 


0.0350 kg/s 



5-159 Cold water enters a steam generator at 20°C, and leaves as saturated vapor at T sat = 200°C. The fraction of heat used 
to preheat the liquid water from 20°C to saturation temperature of 200°C is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the steam generator are negligible. 3 The specific heat 
of water is constant at the average temperature. 


Properties The heat of vaporization of water at 200°C is h fg = 1939.8 kJ/kg (Table A-4), and the specific heat of liquid 
water is c = 4.18 kJ/kg.°C (Table A-3). 


Analysis The heat of vaporization of water represents the 
amount of heat needed to vaporize a unit mass of liquid at 
a specified temperature. Using the average specific heat, 
the amount of heat transfer needed to preheat a unit mass 
of water from 20°C to 200°C is 

*7 preheating — c 

= (4. 18 kJ/kg • °C)(200 - 20)°C 
= 752.4 kJ/kg 

and 

*7 total — *7 boiling *7 preheating 

= 1939.8 + 364.1 = 2692.2 kJ/kg 



Therefore, the fraction of heat used to preheat the water is 


Fraction to preheat = ^ pieheatm& - _ = 0.2795 (or 28.0%) 

*7 total 2692.2 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


5-128 


5-160 Cold water enters a steam generator at 20°C and is boiled, and leaves as saturated vapor at boiler pressure. The 
boiler pressure at which the amount of heat needed to preheat the water to saturation temperature that is equal to the heat of 
vaporization is to be determined. 

Assumptions Heat losses from the steam generator are negligible. 

Properties The enthalpy of liquid water at 20°C is 83.91 kJ/kg. Other properties needed to solve this problem are the heat 
of vaporization hf g and the enthalpy of saturated liquid at the specified temperatures, and they can be obtained from Table 
A-4. 

Analysis The heat of vaporization of water represents the amount of heat needed to vaporize a unit mass of liquid at a 
specified temperature, and A h represents the amount of heat needed to preheat a unit mass of water from 20°C to the 
saturation temperature. Therefore, 


Q preheating Q boiling 

( h MT sat ~ h f@20 ° C ) = h fg@T sal 

h MT s » t -83.91 kJ/kg = /z /g@7;at -> h f@T sm ~ h fg@T m =83.91 kJ/kg 



The solution of this problem requires choosing a boiling 
temperature, reading hf and hf g at that temperature, and 
substituting the values into the relation above to see if it is 
satisfied. By trial and error, (Table A-4) 

At 310°C: h f@T ^ -h fg@TM = 1402.0 - 1325.9 = 76.1 kJ/kg 

At 315°C: h f@Tm -h fg@Tsat = 1431.6 - 1283.4 = 148.2 kJ/kg 


Cold water 
20°C 

>a 


Water 




Heater 


The temperature that satisfies this condition is determined from the two values above by interpolation to be 3 10.6°C. The 
saturation pressure corresponding to this temperature is 9.94 MPa. 


5-161 An ideal gas expands in a turbine. The volume flow rate at the inlet for a power output of 350 kW is to be 
determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 

Properties The properties of the ideal gas are given as R = 0.30 kPa.nrVkg.K, c p = 1.13 kJ/kg-°C, c v = 0.83 kJ/kg-°C. 

Analysis We take the turbine as the system, which is a control volume since mass crosses the boundary. The energy balance 
for this steady-flow system can be expressed in the rate form as 


E m - £ out 

V. J 

V 

Rate of net energy transfer 
by heat, work, and mass 


A E. 


system 


7)0 (steady) 


= 0 


v 

Rate of change in internal, kinetic, 
potential, etc. energies 




-> m/ij = W out + mh 2 (since Q = Ake = Ape = 0) 


which can be rearranged to solve for mass flow rate 


m = 


W 

out 

h\ ~h 2 


W. 


out 


350 kW 


cJT { -T 2 ) (1.13 kJ/kg. K)( 1200 - 700)K 


= 0.6195 kg/s 


The inlet specific volume and the volume flow rate are 

RT, (o.3 kPa • m 3 /kg ■ k)(1200 K) „ „ 3 „ 

i/, = — - = 3 ^ = 0.4 m /kg 

P x 900 kPa 


Pi = 900 kPa 
r, = 1200 K 



Thus, = = (0.6195 kg/s)(0.4m 3 /kg) = 0.248 m 3 /s 
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5-162 Chickens are to be cooled by chilled water in an immersion chiller. The rate of heat removal from the chicken and the 
mass flow rate of water are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The thermal properties of chickens and water are constant. 

Properties The specific heat of chicken are given to be 3.54 kJ/kg.°C. The specific heat of water is 4. 18 kJ/kg.°C (Table A- 
3). 

Analysis (a) Chickens are dropped into the chiller at a rate of 500 per hour. Therefore, chickens can be considered to flow 
steadily through the chiller at a mass flow rate of 

m c hicken = (500 chicken / h)(2.2 kg / chicken) = 1 100 kg / h = 0.3056 kg / s 


Taking the chicken flow stream in the chiller as the system, 
the energy balance for steadily flowing chickens can be 
expressed in the rate form as 


^in ^out 

V 

Rate of net energy transfer 
by heat, work, and mass 


alt 710 ( stead y) 

^-‘-'system 


= 0 


v 

Rate of change in internal, kinetic, 
potential, etc. energies 


^in — ^out 

mh x - Q ollt + mh 2 (since Ake = Ape = 0) 

Gout = Gchicken = ^chicken 1 C p (^1 ~ T l) 


Then the rate of heat removal from the chickens as they are cooled 
from 15°C to 3°C becomes 


Immersion 
chilling. 0.5°C 



G chicken P *T ) chicken = (0.3056 kg/s)(3.54 kJ/kg.° C)(15 -3)°C = 13.0 kW 

The chiller gains heat from the surroundings at a rate of 200 kJ/h = 0.0556 kJ/s. Then the total rate of heat gain by the water 
is 


fiwater = Gchicken + Cheat gain = 13.0+0.056 = 1 3.056 kW 

Noting that the temperature rise of water is not to exceed 2°C as it flows through the chiller, the mass flow rate of water 
must be at least 

g water 13.056 kW 

m watpr = = = 1.56 kg/s 

(S A n watcr (4.18 kJ/kg.° C)(2° C) 

If the mass flow rate of water is less than this value, then the temperature rise of water will have to be more than 2°C. 
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5-163 Chickens are to be cooled by chilled water in an immersion chiller. The rate of heat removal from the chicken and the 
mass flow rate of water are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The thermal properties of chickens and water are constant. 3 Heat gain 
of the chiller is negligible. 

Properties The specific heat of chicken are given to be 3.54 kJ/kg.°C. The specific heat of water is 4. 18 kJ/kg.°C (Table A- 
3). 

Analysis (a) Chickens are dropped into the chiller at a rate of 500 per hour. Therefore, chickens can be considered to flow 
steadily through the chiller at a mass flow rate of 


^Chicken = (500 chicken / h)(2.2 kg / chicken) = 1 100 kg / h = 0.3056 kg / s 

Taking the chicken flow stream in the chiller as the system, the 
energy balance for steadily flowing chickens can be expressed in the 
rate form as 


Immersion 
chilling, 0.5°C 


^in ^out 


a p 71 0 (steady) 

^•^system 


= 0 


Rate ot net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in “ ^out 



mh x = Qout + 77l ^2 (since Ake = Ape = 0) 

Qout ~ ^chicken — ^chicken*'/? v^l ~^l) 

Then the rate of heat removal from the chickens as they are cooled from 
15°C to 3°C becomes 

£2 chicken =(™ p AT) chlcken = (0.3056 kg/s)(3.54 kJ/kg.° 0(15 -3)°C = 13.0 kW 
Heat gain of the chiller from the surroundings is negligible. Then the total rate of heat gain by the water is 

C water = Gchicken = 13 -° kW 

Noting that the temperature rise of water is not to exceed 2°C as it flows through the chiller, the mass flow rate of water 
must be at least 


m 


Q 


water 


13.0 kW 


water 


= 1.56 kg/s 


(Cp AO water (4.18 kJ/kg.° C)(2° C) 

If the mass flow rate of water is less than this value, then the temperature rise of water will have to be more than 2°C. 
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5-164 A regenerator is considered to save heat during the cooling of milk in a dairy plant. The amounts of fuel and money 
such a generator will save per year are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The properties of the milk are constant. 


Properties The average density and specific heat of milk can be taken to be p m nk= /? water = 1 kg/L and c Pt m jik = 3.79 
kJ/kg.°C (Table A-3). 


Analysis The mass flow rate of the milk is 
,7t milk = milk 

= (1 kg/L)(20 L/s) = 20 kg/s 
= 72,000 kg/h 


Taking the pasteurizing section as the system, the energy balance 
for this steady-flow system can be expressed in the rate form as 


^in ^out 

V 

Rate of net energy transfer 
by heat, work, and mass 


A E. 


system 


710 (steady) 


= 0 


v 

Rate of change in internal, kinetic, 
potential, etc. energies 


^in — ^out 

<2 in + mh x — mh 2 (since Ake = Ape = 0) 

2in “ ^milk c p (^2 ~ T \) 


\ 

n 


Hot milk 
72°C 



4°C 

Cold milk 


Therefore, to heat the milk from 4 to 72°C as being done currently, heat must be transferred to the milk at a rate of 


^ current =[^JT 


pasturization ^refrigeration ) ] milk 


-current L"*^p 

= (20 kg/s)(3.79 kJ/kg.eC)(72 - 4)°C = 5154 kJ/s 


The proposed regenerator has an effectiveness of 8 = 0.82, and thus it will save 82 percent of this energy. Therefore, 
Gsaved ^current = (0.82)(5 1 54 kJ/s) = 4227 kJ/s 


Noting that the boiler has an efficiency of Pboiier = 0-90, the energy savings above correspond to fuel savings of 

, 2 S aved 4227 kJ/s ltherm . 

FuelSaved = s - - ed - = = 0.04452 therm/s 

^boiler 1 05,500 kJ 


Noting that 1 year = 365 x 24 = 8760 h and unit cost of natural gas is $1.1 0/therm, the annual fuel and money savings will 
be 

Fuel Saved = (0.04452 therms/s)(8760 x 3600 s) = 1.404 x 10 6 therms/yr 
Money saved = (Fuel saved)(Unit cost of fuel) 

= (1 .404 x 1 0 6 therm/yr)($ 1 . 1 0/therm) 

= $1,544 x10 6 /yr 
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5-165E A refrigeration system is to cool eggs by chilled air at a rate of 10,000 eggs per hour. The rate of heat removal from 
the eggs, the required volume flow rate of air, and the size of the compressor of the refrigeration system are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 The eggs are at uniform temperatures before and after cooling. 3 The 
cooling section is well-insulated. 4 The properties of eggs are constant. 5 The local atmospheric pressure is 1 atm. 

Properties The properties of the eggs are given to p = 67.4 lbm/ft 3 and c p = 0.80 Btu/lbm.°F. The specific heat of air at 
room temperature c p = 0.24 Btu/lbm. °F (Table A-2E). The gas constant of air is R = 0.3704 psia.ftVlbm.R (Table A- IE). 

Analysis (a) Noting that eggs are cooled at a rate of 10,000 eggs per hour, eggs can be considered to flow steadily through 
the cooling section at a mass flow rate of 

m egg =(10,000 eggs/h)(0.14 lbm/egg) = 1400 lbm/h = 0.3889 lbm/s 


Taking the egg flow stream in the cooler as the system, the energy balance 
for steadily flowing eggs can be expressed in the rate form as 


Ein E out 

V 

Rate of net energy transfer 
by heat, work, and mass 


A 77 *0 (steady) 

^Aystem 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 


^in “ ^out 

mh x = Q out + mh 2 (since Ake = Ape = 0) 
Qoui — Qegg — ^egg^pC^l — ^2) 


Egg 

0.14 lbm 



Then the rate of heat removal from the eggs as they are cooled from 90°F to 50°F at this rate becomes 
<2eg g =(mc p AT) egg = (1400 lbm/h)(0. 80 Btu/lbm. °F)(90 - 5 0)°F = 44,800 Btu/h 


(b) All the heat released by the eggs is absorbed by the refrigerated air since heat transfer through he walls of cooler is 
negligible, and the temperature rise of air is not to exceed 10°F. The minimum mass flow and volume flow rates of air are 
determined to be 


m air = 


a 


air 


44,800 Btu/h 


(c p AT) air (0.24Btu/lbm.°F)( 1 0°F) 


= 18,667 lbm/h 


Air 



P 

RT 


Pair 


14.7 psia 

(0.3704 psia.ft 3 /lbm.R)(34 + 460)R 


18,667 lbm/h 
0.0803 lbm/ft 3 


232,500 ft 3 /h 


0.0803 lbm/ft 3 
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5-166 Glass bottles are washed in hot water in an uncovered rectangular glass washing bath. The rates of heat and water 
mass that need to be supplied to the water are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The entire water body is maintained at a uniform temperature of 55°C. 
3 Heat losses from the outer surfaces of the bath are negligible. 4 Water is an incompressible substance with constant 
properties. 

Properties The specific heat of water at room temperature is c p = 4.18 kJ/kg.°C. Also, the specific heat of glass is 0.80 
kJ/kg.°C (Table A-3). 

Analysis (a) The mass flow rate of glass bottles through the water bath in steady operation is 

m bo ttie - m bottie x Bottle flow rate = (0. 150 kg / bottle)(800 bottles / min) = 120 kg / min = 2 kg / s 


Taking the bottle flow section as the system, which is a steady- 
flow control volume, the energy balance for this steady-flow 
system can be expressed in the rate form as 

r _ p _ a c 1 ^0 (steady) _ ^ 

^in ^out — system — u 

V ' , ' V ' 

Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in “ ^out 

Q m + mh x - mh 2 (since Ake = Ape = 0) 

Gin = Qbottle = ^water c p (^2 “ ^1 ) 

Then the rate of heat removal by the bottles as they are heated from 20 to 55°C is 
Gbottie = <tti eS Ar = ( 2 kg/s)(0.8 kJ/kg.° C)(55 - 20)°C= 56,000 W 


Water bath 
55°C 




The amount of water removed by the bottles is 

m water, out = (Flow rate of bottlesX Water removed per bottle) 

= (800 bottles / min)(0.2 g/bottle) = 160 g/min = 2.67x10 3 kg/s 
Noting that the water removed by the bottles is made up by fresh water entering 
at 15°C, the rate of heat removal by the water that sticks to the bottles is 


Q water removed = ^ water removed S = (2-67 xlO^ kg/ S )(4180 J/kg-° C)(55 - 15)° C= 446W 


Therefore, the total amount of heat removed by the wet bottles is 

G total, removed — Gglass removed G water removed — 56,000 + 446 — 56,446 W 

Discussion In practice, the rates of heat and water removal will be much larger since the heat losses from the tank and the 
moisture loss from the open surface are not considered. 
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5-167 Long aluminum wires are extruded at a velocity of 8 m/min, and are exposed to atmospheric air. The rate of heat 
transfer from the wire is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The thermal properties of the wire are constant. 

Properties The properties of aluminum are given to be p = 2702 kg/m 3 and c p = 0.896 kJ/kg.°C. 

Analysis The mass flow rate of the extruded wire through the air is 

m - pO - p{71Tq)\/ - (2702 kg/m 3 )k(0. 0025 m) 2 (8 m/min) = 0.4244 kg/min = 0.007074 kg/s 


Taking the volume occupied by the extruded wire as the system, which is a steady-flow control volume, the energy balance 
for this steady-flow system can be expressed in the rate form as 


^in ^out 

V 

Rate of net energy transfer 
by heat, work, and mass 


A E. 


system 


710 (steady) 


= 0 


v 

Rate of change in internal, kinetic, 
potential, etc. energies 



mh x = <2 0Ut + mh 2 (since Ake = Ape = 0) 
Gout = Gwire = ^wire c pGl ~ T l) 



Then the rate of heat transfer from the wire to the air becomes 


Q = me p [T (t) -T^] = (0.007074 kg/s)(0.896 kJ/kg.°C)(350 - 50)°C = 1.90 kW 


5-168 Long copper wires are extruded at a velocity of 8 m/min, and are exposed to atmospheric air. The rate of heat transfer 
from the wire is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The thermal properties of the wire are constant. 

3 

Properties The properties of copper are given to be p = 8950 kg/nr and c p = 0.383 kJ/kg.°C. 

Analysis The mass flow rate of the extruded wire through the air is 

m = pO = P (ktI )V = (8950 kg/m 3 )tt( 0.0025 m) 2 (8 / 60 m/s) = 0.02343 kg/s 


Taking the volume occupied by the extruded wire as the system, which is a steady-flow control volume, the energy balance 
for this steady-flow system can be expressed in the rate form as 


^m ^out 


a p ^0 (steady) 
system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in “ ^out 

mh x = <2 0Ut + rhh^ (since Ake = Ape = 0) 
Gout = Gwire = ,7t wire C p (^1 ~ T l) 

Then the rate of heat transfer from the wire to the air becomes 



Q = me p [T(t) - TJ = (0.02343 kg/s)(0.383 kJ/kg.°C)(350 - 50)°C - 2.69 kW 
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5-169 Steam at a saturation temperature of T sat = 40°C condenses on the outside of a thin horizontal tube. Heat is transferred 
to the cooling water that enters the tube at 25°C and exits at 35°C. The rate of condensation of steam is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Water is an incompressible substance with constant properties at room 
temperature. 3 The changes in kinetic and potential energies are negligible. 

Properties The properties of water at room temperature are p = 997 kg/m and c p = 4.18 kJ/kg.°C (Table A-3). The 
enthalpy of vaporization of water at 40°C is h ig = 2406.0 kJ/kg (Table A-4). 

Analysis The mass flow rate of water through the tube is 

^ water = P^c = (997 kg/m 3 )(2 m/s)[;r(0.03 m) 2 / 4] = 1.409 kg/s 


Taking the volume occupied by the cold water in the tube as the system, which is a steady-flow control volume, the energy 
balance for this steady-flow system can be expressed in the rate form as 


^in ^out 


a 77 71 0 (steady) 

^•^system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in “ ^out 


<2 in + mh x = mh 2 (since Ake = Ape = 0) 

Gin = Qwater = ^ water (^2 _7 l) 

Then the rate of heat transfer to the water and the rate of condensation become 


Steam 

40°C 



Q = mc p (T out -T m ) = (1.409 kg/s)(4. 18 kJ/kg • °C)(35 - 25)°C = 58.9 kW 

• . 7 . Q 58.9 kJ/s nno/ici / 

G = ^cond^ ft -> m cond = = = 0.0245 kg/s 

cond fg cond ^ 2406.0 kJ/kg 
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5-170E Steam is mixed with water steadily in an adiabatic device. The temperature of the water leaving this device is to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work and heat interactions. 4 There is no heat transfer between the mixing device and the 
surroundings. 

Analysis We take the mixing device as the system, which is a control volume. The energy balance for this steady-flow 
system can be expressed in the rate form as 


r _ r _ a Z 7 ^*0 (steady) 

+n ^out^ — system 

Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in — ^out 

m x h x +m 2 h 2 = m 3 h 3 
From a mass balance 


m 3 = m x + m 2 = 0.05 + 1 = 1 .05 lbm/s 
The enthalpies of steam and water are (Table A-6E and A-4E) 
P x = 60 psia 


T x = 350°F 


h x = 1208.3 Btu/lbm 


P 2 = 60 psia 
T 2 = 40°F 


i > h 2 = h /@ 4 o°f = 8.032 Btu/lbm 


Steam 
60 psia 
350°F 



Substituting into the energy balance equation solving for the exit enthalpy gives 


^3 


m x h x +m 2 h 2 
m 3 


(0.05 lbm/s)(1208.3 Btu/lbm) + (1 lbm/s)(8.032 Btu/lbm) 

1.05 lbm/s 


65.19 Btu/lbm 


At the exit state 7*3=60 psia and h 3 =6 5.19 kJ/kg. An investigation of Table A-5E reveals that this is compressed liquid state. 
Approximating this state as saturated liquid at the specified temperature, the temperature may be determined from Table A- 
4E to be 


P 3 = 60 psia 
h 3 =65.19 Btu/lbm 



/?=65.19 Btu/lbm 


= 97.2°F 


Discussion The exact answer is determined at the compressed liquid state using EES to be 97.0°F, indicating that the 
saturated liquid approximation is a reasonable one. 
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5-171 A constant-pressure R-134a vapor separation unit separates the liquid and vapor portions of a saturated mixture into 
two separate outlet streams. The flow power needed to operate this unit and the mass flow rate of the two outlet streams are 
to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work and heat interactions. 

Analysis The specific volume at the inlet is (Table A- 12) 

> i/j = v f + x x fl/ g - i / f ) = 0.0007772 + (0.55)(0.06360 - 0.0007772) = 0.03533 m 3 /kg 


P { =320 kPa 
v, =0.55 


The mass flow rate at the inlet is then 


im = 


K _ 0.006 m 3 /s 

^ 0.03533 m 3 /kg 


= 0.1698 kg/s 


R-134a 
320 kPa 
v = 0.55 
6 L/s 


For each kg of mixture processed, 0.55 kg of vapor are 
processed. Therefore, 



m 2 = 0.1 rhi = 0.55 x 0. 1698 = 0.09340 kg/s 

ra 3 = m l - m 2 = 0A5m l = 0.45 x 0. 1698 = 0.07642 kg/s 

The flow power for this unit is 


Saturated 

liquid 


Wflow = "VW 2 

= (0.09340 kg/s)(320 kPa)(0.06360 m 3 /kg) + (0.07642 kg/s)(320 kPa)(0.0007772 m 3 /kg) 

- (0.1698 kg/s)(320 kPa)(0.03533 m 3 /kg) 

= 0 kW 


Saturated 

vapor 
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5-172E A small positioning control rocket in a satellite is driven by a container filled with R-134a at saturated liquid state. 
The number of bursts this rocket experience before the quality in the container is 90% or more is to be determined. 

Analysis The initial and final specific volumes are 

> c/, =0.01 171 ft 3 /lbm (Table A- 11E) 


T x = -10°F 
v, =0 


T 2 = -10°F 
v 2 = 0.90 


t/ 2 =v f +x 2 v fg = 0.01171 + (0.90)(2. 7091 -0.01 171) = 2.4394 ft 3 /lbm 


The initial and final masses in the container are 
V 2 ft 3 

m, = — = = 170.8 lbm 

0.01 171 m 3 /kg 

{/ 2 ft 3 

m 2 = — = = 0.8199 lbm 

t/ 2 2.4394 ft 3 /lbm 

Then, 

Am = m 1 - m 2 =170.8-0.8199 = 170.0 lbm 

The amount of mass released during each control burst is 
A m b = mAt = (0.05 lbm/s)(5 s) = 0.25 lbm 

The number of bursts that can be executed is then 

Am 170.0 lbm „ n . , 

N h = = = 680 bursts 

A m b 0.25 lbm/burst 
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5-173E The relationships between the mass flow rate and the time for the inflation and deflation of an air bag are given. 
The volume of this bag as a function of time are to be plotted. 

Assumptions Uniform flow exists at the inlet and outlet. 

Properties The specific volume of air during inflation and deflation are given to be 15 and 1 3 ft 3 /lbm, respectively. 
Analysis The volume of the airbag at any time is given by 

V(t) = \(mv) m dt- j* (mv) 0 ut d 

in flow time out flow time 


Applying at different time periods as given in problem statement give 


i 

l/(r) = | (15 ft 3 /lbm) 


20 lbm/s 


10 ms 


Is 


A 


1000 ms 


tdt 0<U<10ms 


l/(r) = 1 0.015f 2 ft 3 /ms 2 0<t<10ms 


T 

l/(r) = 1/(10 ms)+ J (15 ft 3 /lbm)(20 lbm/s) 


Is 


10 ms 


1000 ms 


tdt 1 0 < t < 1 2 ms 


1/(7) = t/(10 ms) + 0.03 ft 3 /ms 2 (7 - 10 ms) 10 < t < 12 ms 


l/(r) = 1/(12 ms) + 0.03 ft 3 /ms 2 (t - 12 ms) 


l 

- J (13 ft 3 /lbm) 


1 6 lbm/s 


12 ms 


(30-12) ms 


Is ^ 


1000 ms 


(; t-\2ms)dt 12<^<25ms 


l/(r) = 1/(12 ms) + 0.03 ft 3 /ms 2 (t -12 ms) 


l 

j* 0.01 1556 ft 3 /ms 2 (7-12 ms )dt 12 < t < 25 ms 


12 ms 


(/(7) = t/(12ms)-i-0.03ft 3 /ms 2 (^-12ms) 


0.011556 ^2 _ 144 ms 2 ) + 0. 13867 (t — !2 ms) 12 < f <25ms 


2 


t/(r) = 1/(25 ms) - 0,011556 (t 2 - 625 ms 2 ) + 0. 13867(f - 25 ms) 25 < t < 30 ms 


l 

C/(f) = 1/(30 ms) - | (13 ft 3 /lbm)(16 lbm/s) 


12 ms 


Is 


1000 ms 


dt 30<£<50ms 


V(t) = C/(30 ms) - (0.208 ft 3 /ms)(f - 30 ms) 30 < t < 50 ms 
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The results with some suitable time intervals are 


Time, ms 

V, ft 3 

0 

0 

2 

0.06 

4 

0.24 

6 

0.54 

8 

0.96 

10 

1.50 

12 

2.10 

15 

2.95 

20 

4.13 

25 

5.02 

27 

4.70 

30 

4.13 

40 

2.05 

46 

0.80 

49.85 

0 


Alternative solution 



The net volume flow rate is obtained from 


V = (inv) m — (mi/) out 

which is sketched on the figure below. The volume of the airbag is given by 

v = J Cut 

The results of a graphical interpretation of the volume is also given in the figure below. Note that the evaluation of the 
above integral is simply the area under the process curve. 




time [millisec] 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


5-141 


5-174E A winterizing project is to reduce the infiltration rate of a house from 2.2 ACH to 1. 1 ACH. The resulting cost 
savings are to be determined. 


Assumptions 1 The house is maintained at 72°F at all times. 2 The latent heat load during the heating season is negligible. 3 
The infiltrating air is heated to 72°F before it exfiltrates. 4 Air is an ideal gas with constant specific heats at room 
temperature. 5 The changes in kinetic and potential energies are negligible. 6 Steady flow conditions exist. 


Properties The gas constant of air is 0.3704 psia.ft 3 /lbm-R (Table A- 
1E). The specific heat of air at room temperature is 0.24 Btu/lbm°F 
(Table A-2E). 

Analysis The density of air at the outdoor conditions is 


Po 


Po_ 

RT 0 


13.5 psia 

(0.3704 psia.ft 3 /lbm.R)(496.5 R) 


= 0.0734 lbm/ft 3 


The volume of the house is 

^building = (Floor area)(Height) = (4500 ft 2 )(9 ft) = 40,500 ft 3 



Warm air 
72°F 


We can view infiltration as a steady stream of air that is heated as it flows in an imaginary duct passing through the house. 
The energy balance for this imaginary steady-flow system can be expressed in the rate form as 


^ in ^ out 

V J 

V 

Rate of net energy transfer 
by heat, work, and mass 


A f 71 0 (steady) 

system 

y j 

v 

Rate of change in internal, kinetic, 
potential, etc. energies 


= 0 




<2 in + mh x — mh 2 (since Ake = Ape = 0) 
Qin = >nc p (T 2 -T t ) = pOc p {T 2 - 7 1 ) 


The reduction in the infiltration rate is 2.2 - 1.1 = 1.1 ACH. The reduction in the sensible infiltration heat load 
corresponding to it is 

^infiltration, saved — P p {ACH sa ved X ^building )C ~ ) 

= (0.0734 lbm/ft 3 )(0.24 Btu/lbm.°F)(l.l/h)(40,500 ft 3 )(72 - 36.5)°F 
= 27,860 Btu/h = 0.2786 therm/h 


since 1 therm = 100,000 Btu. The number of hours during a six month period is 6x30x24 = 4320 h. Noting that the furnace 
efficiency is 0.92 and the unit cost of natural gas is $ 1.24/therm, the energy and money saved during the 6-month period are 

Energy savings = (0 infl i tration , saved X No - of hours P er year)/Efficiency 
= (0.2786 therm/h)(4320 h/year)/0.92 
= 1308 therms/year 

Cost savings = (Energy savings)(Ehiit cost of energy) 

= (1308 therms/year)($ 1 .24/therm) 

= $ 1 622 /year 

Therefore, reducing the infiltration rate by one-half will reduce the heating costs of this homeowner by $1622 per year. 
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5-175 Outdoors air at -5°C and 90 kPa enters the building at a rate of 35 L/s while the indoors is maintained at 20°C. The 
rate of sensible heat loss from the building due to infiltration is to be determined. 


Assumptions 1 The house is maintained at 20°C at all times. 2 The latent heat load is negligible. 3 The infiltrating air is 
heated to 20°C before it exfiltrates. 4 Air is an ideal gas with constant specific heats at room temperature. 5 The changes in 
kinetic and potential energies are negligible. 6 Steady flow conditions exist. 


Properties The gas constant of air is R = 0.287 kPa.m 3 /kgK. The specific heat of air at room temperature is c p = 1.005 


kJ/kg-°C (Table A-2). 

Analysis The density of air at the outdoor conditions is 


Po 


Po_ 

RT () 


90 kPa 

(0.287 kPa.m 3 /kg.K)(-5 + 273 K) 


1.17 kg/m 3 


We can view infiltration as a steady stream of air that is heated 
as it flows in an imaginary duct passing through the building. 
The energy balance for this imaginary steady-flow system can 
be expressed in the rate form as 



Warm air 
20°C 


^in ^out 

V 

Rate of net energy transfer 
by heat, work, and mass 


a 77 ^0 (steady) 

system 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 


^in “ ^out 

Q m + mh x — mh 2 (since Ake = Ape = 0) 
Gin =™c p (T 2 -T { ) 


Then the sensible infiltration heat load corresponding to an infiltration rate of 35 L/s becomes 

Q infiltration — P cV air C i ~ ) 

= (1.17 kg/m 3 X0.035 m 3 /s)(l .005 kJ/kg.°C)[20 - (-5)]°C 

= 1.029 kW 

Therefore, sensible heat will be lost at a rate of 1.029 kJ/s due to infiltration. 
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5-176 Chilled air is to cool a room by removing the heat generated in a large insulated classroom by lights and students. 
The required flow rate of air that needs to be supplied to the room is to be determined. 

Assumptions 1 The moisture produced by the bodies leave the room as vapor without any condensing, and thus the 
classroom has no latent heat load. 2 Heat gain through the walls and the roof is negligible. 4 Air is an ideal gas with 
constant specific heats at room temperature. 5 Steady operating conditions exist. 

Properties The specific heat of air at room temperature is 1.005 kJ/kg-°C (Table A-2). The average rate of sensible heat 
generation by a person is given to be 60 W. 

Analysis The rate of sensible heat generation by the people in the room and the total rate of sensible internal heat 
generation are 


Ggen, sensible = ^ g en, sensible ( No - of people) = (60 W/person)( 1 50 persons) = 9000 W 
G total, sensible = Ggen, sensible + Slighting = ^000 + 6000 = 15,000 W 


Both of these effects can be viewed as heat gain for the chilled air 
stream, which can be viewed as a steady stream of cool air that is 
heated as it flows in an imaginary duct passing through the room. The 
energy balance for this imaginary steady-flow system can be 
expressed in the rate form as 


^in ^out 

V 

Rate of net energy transfer 
by heat, work, and mass 


a p 7,0 (steady) 
system 

^ J 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 




Q m + mh x — mh 2 (since Ake = Ape = 0) 



Gtotal, sensible 


= mc p (T 2 -T x ) 


Then the required mass flow rate of chilled air becomes 


m 


air 


G total, sensible 

c,AT 


15 kJ/s 

(1.005 kJ/kg • °C)(25 - 1 5)°C 


1.49 kg/s 


Chilled air Return air 



Discussion The latent heat will be removed by the air-conditioning system as the moisture condenses outside the cooling 
coils. 
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5-177 A fan is powered by a 0.5 hp motor, and delivers air at a rate of 85 m /min. The highest possible air velocity at the 
fan exit is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time at any point and thus 
A m cv = 0 and AE CW =0.2 The inlet velocity and the change in potential energy are negligible, V l = 0 and Ape = 0.3 

There are no heat and work interactions other than the electrical power consumed by the fan motor. 4 The efficiencies of 
the motor and the fan are 100% since best possible operation is assumed. 5 Air is an ideal gas with constant specific heats at 
room temperature. 

Properties The density of air is given to be p = 1. 18 kg/nr. The constant pressure specific heat of air at room temperature 
is Cp = 1.005 kJ/kg.°C (Table A-2). 

Analysis We take the fan-motor assembly as the system. This is a control volume since mass crosses the system boundary 
during the process. We note that there is only one inlet and one exit, and thus m x = m 2 = m . 


The velocity of air leaving the fan will be highest when all of the entire electrical energy drawn by the motor is 
converted to kinetic energy, and the friction between the air layers is zero. In this best possible case, no energy will be 
converted to thermal energy, and thus the temperature change of air will be zero, T 2 = 7] . Then the energy balance for this 

steady-flow system can be expressed in the rate form as 


^in £out 

V 

Rate of net energy transfer 
by heat, work, and mass 


a 17 710 (steady) 

system 


= 0 


v 

Rate of change in internal, kinetic, 
potential, etc. energies 




We, in + ™h\ ~ /7I (^2 + V 2 2 /2) (since V x 


0 and Ape = 0) 


Noting that the temperature and thus enthalpy remains constant, the relation above 
simplifies further to 

W eJn = mV 2 12 


where 


t t 



0.5 hp 
85 m 3 /min 


m = pO = (1.18 kg/m 3 )(85 m 3 /min) = 100.3kg/min = 1.67 kg/s 
Solving for V 2 and substituting gives 


Vo = 


\2W • 

1 rr e,in 

1 2(0.5 hp) 

f 745.7 W N 

(lm 2 /sG 

m 1 

1.67 kg/s 

l lh P J 

l 1W J 


= 21.1 m/s 


Discussion In reality, the velocity will be less because of the inefficiencies of the motor and the fan. 
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5-178 The average air velocity in the circular duct of an air-conditioning system is not to exceed 8 m/s. If the fan converts 
80 percent of the electrical energy into kinetic energy, the size of the fan motor needed and the diameter of the main duct 
are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time at any point and thus 
A m cv = 0 and AE CW =0.2 The inlet velocity is negligible, V x = 0. 3 There are no heat and work interactions other than 
the electrical power consumed by the fan motor. 4 Air is an ideal gas with constant specific heats at room temperature. 

Properties The density of air is given to be p = 1.20 kg/m . The constant pressure specific heat of air at room temperature 
is Cp = 1.005 kJ/kg.°C (Table A-2). 

Analysis We take the fan-motor assembly as the system. This is a control volume since mass crosses the system boundary 
during the process. We note that there is only one inlet and one exit, and thus m x = rh 2 = m . The change in the kinetic 
energy of air as it is accelerated from zero to 8 m/s at a rate of 130 m 3 /min is 


m = pO = (1.20 kg/m 3 )( 130 m 3 /min) = 156 kg/min = 2.6 kg/s 


AKE = m 


. V 2 -v x 2 


2 


= (2.6 kg/s) 


(8 m/s) 2 -Of IkJ/kg 


2 


1000m 2 /s 


= 0.0832 kW 


It is stated that this represents 80% of the electrical energy consumed 
by the motor. Then the total electrical power consumed by the motor 
is determined to be 


0JW 


motor 


= AKE -> W. 


motor 


AKE 

0.8 


0.0832 kW 
08 


= 0.104 kW 


The diameter of the main duct is 


t t 



8 m/s 

130 m 3 /min 


0 = VA=V{kD 2 / 4) D 



4(130 m 3 / min) f 1 min 
^■(8 m/s) v 60s 


0.587 m 


Therefore, the motor should have a rated power of at least 0. 104 kW, and the diameter of the duct should be at least 58.7 
cm 
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5-179 An adiabatic air compressor is powered by a direct-coupled steam turbine, which is also driving a generator. The net 
power delivered to the generator is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The devices are adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with variable specific heats. 

Properties From the steam tables (Tables A-4 through 6) 


and 


P 3 = 12.5 MPa 
t 3 = 500°c 


\ h 3 = 3343.6 kJ/kg 


P 4 = 10 kPa 
x 4 = 0.92 


[ h 4 = h f + x 4 h jg = 191.81 + (0.92X2392.1)= 2392.5 kJ/kg 


From the air table (Table A- 17), 

T x = 295 K > h x = 295.17 kJ/kg 

T 2 = 620 K > h 2 = 628.07 kJ/kg 

Analysis There is only one inlet and one exit for either device, 
and thus m in = m out = m . We take either the turbine or the 

compressor as the system, which is a control volume since mass 
crosses the boundary. The energy balance for either steady-flow 
system can be expressed in the rate form as 

T7 — J7 — A *7 71 ^ (steady) _ ^ 

Mn -^out — system — 

Rate of net energy transfer R a t e 0 f change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in — ^out 



For the turbine and the compressor it becomes 
Compressor: 

+omp, in + "'aiA = »'air /j 2 ^ +omp, in = Kir ( h 2 ~ h \ ) 


Turbine: 


^ steam ^3 ^turb, out ^ steam ^4 


-+ w* 


turb, out 


= m 


steam 


(h 3 -h 4 ) 


Substituting, 

+om P ,in = (10 kg/s)(628.07 - 295.17) kJ/kg = 3329 kW 
W^rb.out = (25 kg/s )(3 343.6 - 2392.5) kJ/kg = 23,777 kW 


Therefore, 


W, 


net, out 


= w. 


turb, out 


-w. 


comp,in 


= 23,777 - 3329 = 20,448 kW 
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5-180 Helium is compressed by a compressor. The power required is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Helium is an ideal gas with constant specific heats. 4 The compressor is adiabatic. 

Properties The constant pressure specific heat of helium is c p = 5.1926 kJ/kg-K. The gas constant is R = 2.0769 kJ/kg-K 
(Table A-2a). 

Analysis There is only one inlet and one exit, and thus m x = m 2 = m . We take the compressor as the system, which is a 

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


r _ r _ a r? ^0 (steady) _ 

f- 1 in ^ out — system — u 

' v 7 v V ' 

Rate of net energy transfer Rate of change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in = ^out 

W [n + mh x = mh 2 (since Ake = Ape = 0) 

W m = m(h 2 -h x )- me p (T 2 - T x ) 

The specific volume of air at the inlet and the mass flow rate are 




RT X 


(2.0769 kPa • m 3 /kg • K)(20 + 273 K) 
150kPa 


4.0569 m 3 /kg 


400 kPa 



lii = 


Ml 


(O.lm^MlSm/s ) , 03697k ,s 
4.0569 m 3 /kg 


Then the power input is determined from the energy balance equation to be 

W in = me p (T 2 - T x ) = (0.3697 kg/s)(5.1 926 kJ/kg • K)(200 - 20)K = 345.5 kW 
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5-181 Saturated R-134a vapor is compressed to a specified state. The power input is given. The rate of heat transfer is to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 

Properties From the R-134a tables (Table A-l 1) 


T x =10°C 

Vj =1 


\h x =256.16 kJ/kg 


Analysis We take the compressor as the system, which is a control volume since mass crosses the boundary. Noting that 
one fluid stream enters and leaves the compressor, the energy balance for this steady-flow system can be expressed in the 
rate form as 


^in V 

V 

Rate of net energy transfer 
by heat, work, and mass 


A Z7 <^0 (Steady) 

system 

V, J 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 



^in — -^out 


- Gout + ™ 


h x + 


V- 


2 \ 


2 


= m 


h 2 + 


V 


2 T 


2 


(since Ape = 0) 


Gout =W in +rh 


h x -h 2 - 


V- 


2 ^ 


2 


1400 kPa 



Substituting, 


Gout = W in +m 


h x -h 2 ~ 


V. 


2 \ 


= 132.4 kW + (5 kg/s) 

= 0.02 kW 


2 


256.116 - 281.39)kJ/kg 


(50 m/s) 2 ( 1 kJ/kg 


2 


A 


2,2 


1000 m z /s 


which is practically zero and therefore the process is adiabatic. 
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5-182 A submarine that has an air-ballast tank originally partially filled with air is considered. Air is pumped into the 
ballast tank until it is entirely filled with air. The final temperature and mass of the air in the ballast tank are to be 
determined. 

Assumptions 1 Air is an ideal gas with constant specific heats. 2 The process is adiabatic. 3 There are no work interactions. 

Properties The gas constant of air is R = 0.287 kPa-m 3 /kg-K (Table A-l). The specific heat ratio of air at room temperature 
is k = 1.4 (Table A-2 a). The specific volume of water is taken 0.001 m /kg. 

Analysis The conservation of mass principle applied to the air gives 


dm a 

dt 


= m 


in 


and as applied to the water becomes 


dm w 
dt 


— —m 


out 


The first law for the ballast tank produces 
d(mu) a d(mii) u 


0 = 


h w™w 


dt dt 

Combining this with the conservation of mass expressions, rearranging and canceling the common dt term produces 

d{mu) a +d(mu) w =h a dm a +h w dm w 

Integrating this result from the beginning to the end of the process gives 

[( mu) 2 -(m«)i] fl +[(mu) 2 -{mu)i] w =h a (m 2 -m x ) a +h w (m 2 -m l ) w 

Substituting the ideal gas equation of state and the specific heat models for the enthalpies and internal energies expands this 
to 


RT-, 


c Ji 


IY± 

RT, 


C V T\ m wl c w T w c pT ; n 


r PV 2 PV\ A 

~RT\~ln\ J 


m w,l C w^w 


When the common terms are cancelled, this result becomes 


Tn = 




700 




T \ kT in 


1 


= 386.8 K 


288 (1.4)(293) 
The final mass from the ideal gas relation is 


(700-100) 


Pi/, 


m, = 


(1500 kPa)(700 m 3 ) 


RT 2 (0.287 kPa • m 3 /kg -K)(386.8 K) 


= 9460 kg 
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5-183 A submarine that has an air-ballast tank originally partially filled with air is considered. Air is pumped into the 
ballast tank in an isothermal manner until it is entirely filled with air. The final mass of the air in the ballast tank and the 
total heat transfer are to be determined. 

Assumptions 1 Air is an ideal gas with constant specific heats. 2 There are no work interactions. 

Properties The gas constant of air is R = 0.287 kPa-m 3 /kg-K (Table A-l). The specific heats of air at room temperature are 
c p = 1.005 kJ/kg-K and c v = 0.718 kJ/kg-K (Table A-2 a). The specific volume of water is taken 0.001 m 3 /kg. 

Analysis The initial air mass is 

m x =^ i = (1500kPa)(10 ° m3) = 1814 kg 

RT X (0.287 kPa • m/kg • K)(288.15 K) 

and the initial water mass is 


l/, 


600 m 


m w = 


0.001m /kg 
and the final mass of air in the tank is 


= 600,000 kg 


nin = 


P 2 v 2 


(1500 kPa)(700 m 3 ) 


RT 2 (0.287 kPa-m 3 /kg-K)(288. 15 K) 


= 12,697 kg 


The first law when adapted to this system gives 

Gin + m i h i ~ m e h e = m 2 u 2 ~ m l u l 

Q m = m 2 u 2 -m l u l +m e h e -m i h i 

Gin = m 2 c J-{ma X cJ + m w u w ) + m w h w -(m 2 ~m x )c p T 


Noting that 

u w =h w = 62.98 kJ/kg 

Substituting, 

Q m = 12,697 x 0.71 8 x 288 - (1 814 x 0.7 1 8 x 288 + 600,000 x 62.98) 
+ 600,000 x 62.98 - (12,697 - 1 814) x 1 .005 x 288 

= OkJ 


The process is adiabatic. 
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5-184 A cylindrical tank is charged with nitrogen from a supply line. The final mass of nitrogen in the tank and final 
temperature are to be determined for two cases. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform- flow process since the state of fluid at the inlet remains constant. 2 Air is an ideal gas with 
constant specific heats. 3 Kinetic and potential energies are negligible. 4 There are no work interactions involved. 
Properties The gas constant of nitrogen is 0.2968 kPa-m /kg-K (Table A-l). The specific heats of nitrogen at room 
temperature are c p = 1.039 kJ/kg-K and c v = 0.743 kJ/kg-K (Table A-2 a). 

Analysis (a) We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform- flow system can be expressed as 
Mass balance : 

m m ~ m ont = Am system m i = m 2 ~ m \ 

Energy balance : 

^in — ^out — system 

V v ' v V ' 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

m i h i = m 2 u 2 ~ m x u x 
m-iCpTi = m 2 c v T 2 -m x c v T x 

Combining the two balances : 

(m 2 -m x )c p Tj =m 2 cj 2 -m x cj x 


Air 


800 kPa, 25°C 



The initial and final masses are given by 

P\V (200 kPa)(0.1m 3 ) nwll 

m, = = = 0.2261 kg 

RT X (0.2968 kPa-m 3 /kg-K)(298K) 

PW (800 kPa)(0.1 m 3 ) 269.5 

ni 2 = = = 

RT 2 (0.2968 kPa-m 3 /kg K)T 2 T 2 


Substituting, 

r 


269.5 

V t 2 


0.2261 


(1.039)(298) 


269.5 


(0.743)T 2 -(0.2261X0.743)(298) 


whose solution is 

T 2 = 379.0 K 

The final mass is then 


269.5 269.5 

= = = 0.7112 kg 


To 


379.0 


(b) When there is rapid heat transfer between the nitrogen and tank such that the cylinder and nitrogen remain in thermal 
equilibrium during the process, the energy balance equation may be written as 

(m, -m x )c p T i = {fn nit2 c v T 2 + m,c t T 2 )-(m nitX c v T x + m,c t T x ) 

Substituting, 

. _ _ \ r _ . - _ n 

- [(0.226 1)(0.743)(298) + (50)(0.43)(298)] 


( 269.5 1 


269.5 

0.2261 

(1.039)(298) = 

— (0.743)r 2 + (50)(0.43)r 2 

V T 2 j 


t 2 


whose solution is 

T 2 = 300.7 K 

The final mass is then 

269.5 269.5 


mo = 


300.7 300.7 


0.8962 kg 
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5-185 The air in a tank is released until the pressure in the tank reduces to a specified value. The mass withdrawn from the 
tank is to be determined for three methods of analysis. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform- flow process. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential 
energies are negligible. 4 There are no work or heat interactions involved. 

Properties The gas constant of air is 0.287 kPa-m 3 /kg-K (Table A-l). The specific heats of air at room temperature are c p = 
1.005 kJ/kg-K and c v = 0.718 kJ/kg-K. Also k =1.4 (Table A-2 a). 

Analysis (a) We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform- flow system can be expressed as 

Mass balance : 

'»in “ m out = A '»system 

— m e = m 2 - in j 
m e = m x - m 2 
Energy balance : 

Z7 Z7 a 77 

- c 'in •'-'out — system 

v v J v V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

- m e h e = m 2 u 2 — m x u x 

0 = m 2 u 2 — ni j a x +m e h e 
0 = m 2 c„T 2 -m x c v T x +m e c p T e 

Combining the two balances : 

0 = m 2 c„T 2 -m x c w T x +(m x -m 2 )c p T e 



The initial and final masses are given by 

Pi v (800kPa)(lm 3 ) 

RT X (0.287 kPa-m 3 /kg-K)(25 + 273 K) 

P 2 V (150kPa)(lm 3 ) 522.6 

m 2 = = = 

RT 2 (0.287 kPa • m 3 /kg • K)T 2 T 2 


The temperature of air leaving the tank changes from the initial temperature in the tank to the final temperature during the 
discharging process. We assume that the temperature of the air leaving the tank is the average of initial and final 
temperatures in the tank. Substituting into the energy balance equation gives 


0 = m 2 cj 2 -m x cj x +(m x -m 2 )c p T e 


0 = 


522.6 

To 


(0.718)T 2 -(9.354)(0.718)(298) + 


9.354 


522.6^ 

T 2 J 


( 


(1.005)^ 


298 + r 2 
2 




J 


whose solution is 


T 2 = 191.0 K 

Substituting, the final mass is 

522 ' 6 omv 
m 2 = = 2.736 kg 

2 191 


and the mass withdrawn is 

m e = m x - m 2 = 9.354- 2.736 = 6.618 kg 

( b ) Considering the process in two parts, first from 800 kPa to 400 kPa and from 400 kPa to 150 kPa, the solution will be as 
follows: 

From 800 kPa to 400 kPa: 

P 2 1/ (400 kPa)(l m 3 ) 1394 

m 2 = = = 

RT 2 (0.287 kPa-m 3 /kg-K )T 2 T 2 
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0 = 


1394 

77 


(0.718)T 2 - (9.354)(0.7 1 8)(298) + 


9.354 


1394 


T 


(1.005) 


2 J 


a 298 +r 2 ^ 
2 


T 2 = 245.1 K 
1394 


= 


= 5.687 kg 


245.1 

m e i = m 1 -m 2 = 9.354-5.687 = 3.667 kg 


From 400 kPa to 150 kPa: 
522.6 


0 = 


To 


(0.7 1 8)T 2 - (5.687)(0.7 1 8)(245. 1) + 


5.687 


522.6 


T 


(1.005) 


2 J 


245.1 + T 2 
2 


T 2 = 186.5 K 

522.6 0 , 

m 2 = = 2.803 kg 

2 186.5 

m e o =m 1 — m 2 = 5.687 -2.803 = 2.884 kg 

The total mass withdrawn is 

m e = m e l + m e 2 = 3.667 + 2.884 = 6.551 kg 

(c) The mass balance may be written as 
dm 

= —m „ 


dt 


When this is combined with the ideal gas equation of state, it becomes 
1/ d(P/T) 


= -m. 


R dt 

since the tank volume remains constant during the process. An energy balance on the tank gives 
d(mu) 


c. 


dt 

d(mT) 

dt 

y_dp_ 
' R dt 
dP 


= ~ h e ,h e 


dm 

= c.,T 

dt 


= c.T 


V d(P/T ) 
p± R dt 
f dP P dT 


C c p ~c v ) 


dt 

dP 

P 


= c 


= c 


p 


p 


v dt T dt 
dT 


dt 


When this result is integrated, it gives 


T 2 = t i 




V P i 7 


= (298 K) 


150kPa 
800 kPa 


\ 0.4/1.4 


= 184.7 K 


The final mass is 


m o = 


P 2 V 


(150kPa)(lm 3 ) 


= 2.830 kg 


RT 2 (0.287 kPa-m 3 /kg-K)(l 84.7 K) 
and the mass withdrawn is 

m e = m 1 -m 2 = 9.354- 2.830 = 6.524 kg 

Discussion The result in first method is in error by 1.4% while that in the second method is in error by 0.4%. 
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5-186 A tank initially contains saturated mixture of R- 134a. A valve is opened and R-134a vapor only is allowed to escape 
slowly such that temperature remains constant. The heat transfer necessary with the surroundings to maintain the 
temperature and pressure of the R-134a constant is to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform- flow process since the state of fluid at the exit remains constant. 2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, 
the mass and energy balances for this uniform- flow system can be expressed as 

Mass balance : 


m m m out 


= Am 


system 


— m = 


m 2 — m x 


m e = m x — m 


Energy balance : 


^in -^out 


A E 


system 


Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Gin -m e h e = m 2 u 2 -m l u l 

Gin =»*2«2 -m l u l +m e h, 

Combining the two balances : 

Gin =m 2 u 2 -m l u 1 +(m ] -m 2 )h e 

The specific volume at the initial state is 

1/ 0.001 m 3 3 

(/j = — = —7-; = 0.0025 m/kg 


m 


0.4 kg 


The initial state properties of R- 134a in the tank are 



R-134a 
0.4 kg, 1 L 
25°C 


T x = 26°C 

v x = 0.0025 m 3 /kg 


*1 = 


v x -v f 


V 


fg 


0.0025-0.0008313 

0.029976-0.0008313 


= 0.05726 


(Table A-ll) 


u x = u f +x x u fg = 87.26 + (0.05726)(1 56.87) = 96.24 kJ/kg 

The enthalpy of saturated vapor refrigerant leaving the bottle is 
h e = h g @ 26°c =264.68kJ/kg 

The specific volume at the final state is 

V 0.001 m 3 AAl 3fl 
On — = = 0.0 1 m /kg 


m 


0.1 k g 


The internal energy at the final state is 


T 2 = 26°C 
o 2 = 0.01 m 3 /kg 


*2 = 


o 2 -o f 


V 


fg 


0.01-0.0008313 

0.029976-0.0008313 


= 0.3146 


u 


2 = u f +x x u fg = 87.26 + (0.3 146)(156. 87) = 136.61 kJ/kg 


(Table A-ll) 


Substituting into the energy balance equation, 

2in =m 2 u 2 -m x u x +{m x ~m 2 )h e 

= (0.1 kg)(l 36.61 kJ/kg) - (0.4 kg)(96.24 kJ/kg) + (0.4 - 0. 1 kg)(264.68 kJ/kg) 

= 54.6 kJ 
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5-187 Steam expands in a turbine steadily. The mass flow rate of the steam, the exit velocity, and the power output 
are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with 
time. 2 Potential energy changes are negligible. 

Properties From the steam tables (Tables A-4 through 6) 


and 


P x =l MPa 
T x = 600°C 

P 2 = 25 kPa 
x 2 = 0.95 


o x = 0.05567 m 3 /kg 
h x = 3650.6 kJ/kg 

v 2 = v f +x 2 v fg = 0.00102 + (0.95)(6.2034- 0.00102)= 5.8933 m 3 /kg 
h 2 = h f +x 2 h fg =271.96 + (0.95X2345.5) = 2500.2 kJ/kg 


Analysis (a) The mass flow rate of the steam is 


m = —V X A X = 


1 


(60 m/s)(o.015 m 2 )= 16.17 kg/s 


1 


20 kJ/kg 



H?0 


■1 0.05567 m /kg 

(b) There is only one inlet and one exit, and thus m x = m 2 = m . Then the exit velocity is determined from 


m = — Vo A 


O' 


2^2 


+ V 2 A J 16 - 17 kg/s)(5.8933 m /kg) ^ ^ 


A' 


0.14m 


(c) We take the turbine as the system, which is a control volume since mass crosses the boundary. The energy balance for 
this steady-flow system can be expressed in the rate form as 


-^in ^out 


A E, 


710 (steady) 


system 


= 0 


Rate ot net energy transfer R a t e of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

m(>h + kj 2 / 2) = W out + Q out + m(h 2 + V 2 2 12) (since Ape = 0) 


Wout = “Gout - » l 


7 , , v 2 -yp 

hj — h] H 

2 1 2 

v y 


Then the power output of the turbine is determined by substituting to be 

W out = -(16.17 X 20) kJ/s - (16.17 kg/s|2500.2 - 3650.6 + ( 680 - 6 m/s )^~( 60 nks) 


1 kJ/kg 


2/2 


1000 m /s 




J) 


= 1 4,560 kW 
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5-188 Problem 5-187 is reconsidered. The effects of turbine exit area and turbine exit pressure on the exit velocity 

and power output of the turbine as the exit pressure varies from 10 kPa to 50 kPa (with the same quality), and the exit area 
to varies from 1000 cm to 3000 cm is to be investigated. The exit velocity and the power output are to be plotted against 
the exit pressure for the exit areas of 1000, 2000, and 3000 cm". 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


Fluid$='Steam_IAPWS' 

A[1]=150 [cm A 2] 

T[1]=600 [C] 

P[1]=7000 [kPa] 

Vel[1]= 60 [m/s] 

A[2]=1400 [cm A 2] 

P[2]=25 [kPa] 
q_out = 20 [kJ/kg] 

m_dot = A[1]*Vel[1]/v[1]*convert(cm A 2,m A 2) 

v[1]=volume(Fluid$, T=T[1], P=P[1 ]) "specific volume of steam at state 1" 
Vel[2]=m_dot*v[2]/(A[2]*convert(cm A 2,m A 2)) 

v[2]=volume(Fluid$, x=0.95, P=P[2]) "specific volume of steam at state 2" 
T[2]=temperature(Fluid$, P=P[2], v=v[2]) "[C]" "not required, but good to know" 

"[conservation of Energy for steady-flow:" 

"Ein_dot - Eout_dot = DeltaE_dot" "For steady-flow, DeltaE_dot = 0" 

DELTAE_dot=0 

"For the turbine as the control volume, neglecting the PE of each flow steam:" 

E_dot_i n= E_dot_o ut 

h[1 ]=enthalpy(Fluid$,T=T[1 ], P=P[1 ]) 

E_dot_Jn=m_dot*(h[1]+ Vel[1] A 2/2*Convert(m A 2/s A 2, kJ/kg)) 
h[2]=enthalpy(Fluid$,x=0.95, P=P[2]) 

E_dot_out=m_dot*(h[2]+ Vel[2] A 2/2*Convert(m A 2/s A 2, kJ/kg))+ m_dot *q_out+ W_dot_out 

Power=W_dot_out 

Q_dot_out=m_dot*q_out 


p 2 

[kPal 

Power 

[kW] 

Vel 2 

[m/s] 

10 

-22158 

2253 

14.44 

-1895 

1595 

18.89 

6071 

1239 

23.33 

9998 

1017 

27.78 

12212 

863.2 

32.22 

13573 

751.1 

36.67 

14464 

665.4 

41.11 

15075 

597.8 

45.56 

15507 

543 

50 

15821 

497.7 


Table values are for A[2]=1 000 [cm A 2] 
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P[2] [kPa] 



P[2] [kPa] 
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5-189 Air is preheated by the exhaust gases of a gas turbine in a regenerator. For a specified heat transfer rate, the exit 
temperature of air and the mass flow rate of exhaust gases are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 Heat loss from the regenerator to the surroundings is negligible and thus heat 
transfer from the hot fluid is equal to the heat transfer to the cold fluid. 5 Exhaust gases can be treated as air. 6 Air is an 
ideal gas with variable specific heats. 

Properties The gas constant of air is 0.287 kPa.nrVkg.K (Table A-l). The enthalpies of air are (Table A- 17) 


T x = 550 K -» 
T 3 = 800 K -> 
T 4 = 6 00 K -> 


h x - 555.74 kJ/kg 
h 3 = 821.95 kJ/kg 
h 4 = 607.02 kJ/kg 


Analysis (a) We take the air side of the heat exchanger as the system, 
which is a control volume since mass crosses the boundary. There is only 
one inlet and one exit, and thus m x - m 2 = m . The energy balance for this 

steady-flow system can be expressed in the rate form as 



v 

Rate of net energy transfer 
by heat, work, and mass 


a 17 ^0 (steady) 

^•^system 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 




Gin + >KA 
Gin 


m. d[v h 2 (since W = Ake = Ape = 0) 
^airC^-^l) 


AIR 



Substituting, 

3200 kJ/s = (800/60 kg/sX/i 2 -554.71 kJ/kg) -> h 2 = 794.71 kJ/kg 

Then from Table A- 17 we read 

T 2 = 775.1 K 

(b) Treating the exhaust gases as an ideal gas, the mass flow rate of the exhaust gases is determined from the steady-flow 
energy relation applied only to the exhaust gases, 

^in — ^out 

'“exhaust^ = Gout + '"exhauA ( sinc e W = Ake s Ape = 0) 

Gout — ,, J exhaust(^3 _ ^4 ) 

3200 kJ/s = m exhaust (821.95 - 607.02) kJ/kg 


It yields 


'“exhaust =14.9 kg/S 
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5-190 Water is to be heated steadily from 20°C to 55°C by an electrical resistor inside an insulated pipe. The power rating 
of the resistance heater and the average velocity of the water are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time at any point within the system and thus 
A m cv = 0 and AE CV =0.2 Water is an incompressible substance with constant specific heats. 3 The kinetic and potential 

energy changes are negligible, Ake = Ape = 0.4 The pipe is insulated and thus the heat losses are negligible. 


Properties The density and specific heat of water at room temperature are p = 1000 kg/m 3 and c = 4.18 kJ/kg-°C (Table A- 
3). 


Analysis (a) We take the pipe as the system. This is a control volume since mass crosses the system boundary during the 
process. Also, there is only one inlet and one exit and thus m x = m 2 = fh • The energy balance for this steady- flow system 

can be expressed in the rate form as 


^in ^out 


AE 


<p0 (steady) 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

-^'in = -^out 


30 L/min 


We, in + = mh 2 (since Q out = Ake = Ape = 0) 

An = m (/*2 - /*,) = m[c(T 2 -7,) + ^/ A = mc(T 2 - 7j ) 


WATER 


CVWWWi 


A 


w. 




A 


E) = 5 cm 


M/ 


The mass flow rate of water through the pipe is 

m = = (1000 kg/m 3 )(0. 030 m 3 /min) = 30 kg/min 

Therefore, 

W ein =mc(T 2 -T l ) = ( 30/60 kg/s)(4.18kJ/kg-°C)(55-20)°C = 73.2 kW 
(b) The average velocity of water through the pipe is determined from 


V = — = 


V V 0.030 m 3 /min 


= 15.3 m/min 


A tut 7t( 0.025 m)' 
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5-191 An insulated cylinder equipped with an external spring initially contains air. The tank is connected to a supply 
line, and air is allowed to enter the cylinder until its volume doubles. The mass of the air that entered and the final 
temperature in the cylinder are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 The expansion process is 
quasi-equilibrium. 3 Kinetic and potential energies are negligible. 4 The spring is a linear spring. 5 The device is insulated 
and thus heat transfer is negligible. 6 Air is an ideal gas with constant specific heats. 

Properties The gas constant of air is R = 0.287 kJ/kg-K (Table A-l). The specific heats of air at room temperature are c (/ = 
0.718 and c p = 1.005 kJ/kg-K (Table A-2a). Also, n = c v T and h = c p T. 


Analysis We take the cylinder as the system, which is a control volume 
since mass crosses the boundary. Noting that the microscopic energies of 
flowing and nonflowing fluids are represented by enthalpy h and internal 
energy u , respectively, the mass and energy balances for this uniform-flow 
system can be expressed as 


F, 


spring 


Mass balance : 

- m_, + = Am 


in 


out 


system ^ m i m 2 


Energy balance : 


^in ^out 


A E. 


system 


Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Mjhj = W b out + m 2 u 2 - m x u x (since Q = ke = pe = 0) 
Combining the two relations, (m 2 - m x )h i = W b out + m 2 u 2 -m x u x 
°r, (m 2 - m, )c p T l = W hout + m 2 cj 2 - m 2 cj x 

The initial and the final masses in the tank are 

PV, (l 50 kP a )(o . 1 1 m 3 ) 

m l = = y r \r x = 0- 1949 kg 

RTi (0.287 kPa ■ m 3 /kg ■ Kp.95 K) 

_ P 2 V 2 _ (600 kPa)(o.22 m 3 1 

(o.287 kPa ■ m 3 /kg ■ k)t 2 



m 0 = 


RT o 


459.9 


To 


Then from the mass balance becomes m i = m 2 - m x - 


459.9 


To 


-0.1949 


The spring is a linear spring, and thus the boundary work for this process can be determined from 

1 (V 2 - V x ) = ( 15Q + 6 °°) kPa (0.22 - 0.1 l)m 3 = 4 1 .25 kj 


P X +Po 

W h = Area = — 


2 2 
Substituting into the energy balance, the final temperature of air T 2 is determined to be 


-41.25 = - 


459.9 

To 


-0.1949 


(1.005X295) 


+ 


^ 459.9 N 

To 


(0.7 1 8Xr 2 ) " (°- 1 949X0.7 1 8X295) 


It yields 
Thus, 


T 2 = 351 K 

459.9 459.9 , , 

mo = = = 1.309 kg 


To 


351.4 


and 


mj = m 2 - ni\ = 1-309 - 0.1949 = 1.11 kg 
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5-192 R-134a is allowed to leave a piston-cylinder device with a pair of stops. The work done and the heat transfer are to 
be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid leaving the device is assumed to be constant. 2 Kinetic 
and potential energies are negligible. 


Properties The properties of R- 134a at various states are (Tables A-l 1 


P x = 800 kPa 
T x = 80°C 


P 2 = 500 kPa 
T 2 = 20°C 


c/j = 0.032659 m 3 /kg 
\u x = 290.84 kJ/kg 

h x =316.97 kJ/kg 

= 0.042115 m 3 /kg 
■u 2 = 242.40 kJ/kg 

h 2 = 263.46 kJ/kg 



Analysis (a) We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy w, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 

Mass balance : 


m m - = ^system m e = m \ ~ m 2 


Energy balance : 

fin ~ ^out — ^-^system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

W b , in - <2 0Ut - m e h e = m 2 u 2 - m x u x (since ke = pe = 0) 

The volumes at the initial and final states and the mass that has left the cylinder are 

= m l v l = (2 kg)(0. 032659 m 3 /kg) = 0.06532 m 3 
t/, =m 2 v 2 =(l/2)m 1 i/ 2 =(l/2)(2kg)(0.042115 m 3 /kg)= 0.04212 m 3 
m e = m x — m 2 = 2 - 1 = 1 kg 

The enthalpy of the refrigerant withdrawn from the cylinder is assumed to be the average of initial and final enthalpies of 
the refrigerant in the cylinder 

h e =(1/2 ){h x +h 2 ) = (l/2)(3 16.97 + 263.46) = 290.21 kJ/kg 
Noting that the pressure remains constant after the piston starts moving, the boundary work is determined from 
W b ,in =P 2 W i - Vi) - (500 kPa)(0. 06532 -0.04212)m 3 =11.6 kJ 
( b ) Substituting, 

1 1 .6 kJ - Q out - (1 kg)(290.21 kJ/kg) = (1 kg)(242.40 kJ/kg) - (2 kg)(290.84 kJ/kg) 

e out = 60.7 kJ 
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5-193 The pressures across a pump are measured. The mechanical efficiency of the pump and the temperature rise of water 
are to be determined. 


Assumptions 1 The flow is steady and incompressible. 2 The pump is driven by an external motor so that the heat generated 
by the motor is dissipated to the atmosphere. 3 The elevation difference between the inlet and outlet of the pump is 
negligible, Z\ — Zi- 4 The inlet and outlet diameters are the same and thus the inlet and exit velocities are equal, V\ = VT 


Properties We take the density of water to be 1 kg/L = 1000 kg/m 3 and its 
specific heat to be 4.18 kJ/kg • °C (Table A-3). 

Analysis (a) The mass flow rate of water through the pump is 

m- pO = (lkg/L)(18L/s) = 18kg/s 

The motor draws 6 kW of power and is 95 percent efficient. 

Thus the mechanical (shaft) power it delivers to the pump is 

Wpump, shaft = ^1 motor ^electric = (0.95)(6 kW) = 5.7 kW 



To determine the mechanical efficiency of the pump, we need to know the increase in the mechanical energy of the 
it flows through the pump, which is 


fluid as 


^^mech, fluid ^mech,out ^mech,in m 


r p 2 y i 


' ' P\ v? 

-m\— + 


\ 


P 2 

Simplifying it for this case and substituting the given values, 


'^^mech, fluid m 


J 




P 2 



= (IB kg/s) 

(300 - 100)kPa^ 

( lkJ 1 

V P J 

v 1000 kg/m 3 , 

vlkPa • m 3 y 


\ 

*-gz 1 

/ 


= 3.6 kW 


Then the mechanical efficiency of the pump becomes 


_ ^^mech, fluid 
^ pump ~ TT 

** pump, shaft 


3.6 kW 

5.7 kW 


= 0.632 = 63.2% 


(b) Of the 5.7-kW mechanical power supplied by the pump, only 3.6 kW is imparted to the fluid as mechanical energy. The 
remaining 2.1 kW is converted to thermal energy due to frictional effects, and this “lost” mechanical energy manifests itself 
as a heating effect in the fluid, 

^mech,loss — ^pump, shaft — ^^mech, fluid — 5.7— 3.6 — 2.1 kW 

The temperature rise of water due to this mechanical inefficiency is determined from the thermal energy balance, 

£mech,loss = th ( u 2 ~ u \) = lhcAT 


Solving for AT . , 


AT = 


E 


mechjoss 


me 


2,1 kW 

(1 8 kg/s)(4. 1 8 kJ/kg • K) 


0.028°C 


Therefore, the water will experience a temperature rise of 0.028°C, which is very small, as it flows through the pump. 

Discussion In an actual application, the temperature rise of water will probably be less since part of the heat generated will 
be transferred to the casing of the pump and from the casing to the surrounding air. If the entire pump motor were 
submerged in water, then the 2.1 kW dissipated to the air due to motor inefficiency would also be transferred to the 
surrounding water as heat. This would cause the water temperature to rise more. 
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5-194 A water tank is heated by electricity. The water withdrawn from the tank is mixed with cold water in a chamber. The 
mass flow rate of hot water withdrawn from the tank and the average temperature of mixed water are to be determined. 


Assumptions 1 The process in the mixing chamber is a steady-flow process since there is no change with time. 2 Kinetic 
and potential energy changes are negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat 
transfer is negligible. 


Properties The specific heat and density of water are taken to be 
c p = 4.18 kJ/kg.K, p = 1000 kg/m 3 (Table A-3). 

Analysis We take the mixing chamber as the system, which is a 
control volume since mass crosses the boundary. The energy balance 
for this steady-flow system can be expressed in the rate form as 

Energy balance: 


or 


^in ^out 

V J 

V 

Rate of net energy transfer 
by heat, work, and mass 


a p 71 0 (steady) 

LXCj system 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 


F = 
m x h x + m 2 h 2 = 


^hot ^ p ^tank,ave “*"^co 


^out 

: m 3 h 3 (since Q = W = 

ld^p^cold — O^hot ^cold 


Ake = Ape = 0) 


)cj, 


j ? x mixture 



0.06 kg/s 


(i) 


Similarly, an energy balance may be written on the water tank as 



(2) 


where 




^"tank,l -^tank,2 80 + 60 


tank,ave 


2 


2 


= 70°C 


and 


"bank = pv = (1000 kg/m 3 )(0.060m 3 ) = 60 kg 
Substituting into Eq. (2), 

[l .6 kJ/s + m hot (4.18 kJ/kg.°C)(20 - 70)°c](8 x 60 s) = (60 kg)(4. 18 kJ/kg.°C)(60 - 80)°C 

> m hot = 0.0577 kg/s 


Substituting into Eq. (1), 

(0.0577 kg/s)(4. 18 kJ/kg.°C)(70°C) + (0.06 kg/s)(4. 18 kJ/kg.°C)(20°C) 

= [(0.0577 + 0.06)kg/s](4.18 kJ/kg.°C)r mixture 


^ ^mixture “ 44.5°C 
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5-195 The turbocharger of an internal combustion engine consisting of a turbine, a compressor, and an aftercooler is 
considered. The temperature of the air at the compressor outlet and the minimum flow rate of ambient air are to be 
determined. 

Assumptions 1 All processes are steady since there is no 
change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Air properties are used for exhaust gases. 4 Air is 
an ideal gas with constant specific heats. 5 The mechanical 
efficiency between the turbine and the compressor is 100%. 

6 All devices are adiabatic. 7 The local atmospheric pressure is 
100 kPa. 

Properties The constant pressure specific heats of exhaust 
gases, warm air, and cold ambient air are taken to be c p = 

1.063, 1.008, and 1.005 kJ/kg-K, respectively (Table A-2b). 

Analysis (a) An energy balance on turbine gives 

W T =m exh c p ^ h {T exhA -r exh , 2 )=( 0.02 kg/s)(1.063 kJ/kg • K)(400 -350)K = 1.063 kW 

This is also the power input to the compressor since the mechanical efficiency between the turbine and the compressor is 
assumed to be 100%. An energy balance on the compressor gives the air temperature at the compressor outlet 

W C ='«a c p,a( 7 ’a,2 ~ T a,\) 

1.063 kW = (0.018 kg/s)(1.008 kJ/kg • K)(r a2 -50)K >T a2 =108.6 °C 

(b) An energy balance on the aftercooler gives the mass flow rate of cold ambient air 

^a%,a(^a,2 — ^a,3^ — ^ca%,ca(^ca,2 — -^ca,l) 

(0.018 kg/s)( 1.008 kJ/kg • °C)(108.6 - 80)°C = m ca (1.005 kJ/kg • °C)(40 - 30)°C 

ra ca = 0.05 161 kg/s 

The volume flow rate may be determined if we first calculate specific volume of cold ambient air at the inlet of aftercooler. 
That is, 



RT _ (0.287 kJ/kg - K)(30 + 273 K) 
P ~ 100 kPa 


0.8696 m 3 /kg 


l/ ca =mi/ ca = (0.05 161 kg/s)(0. 8696 m 3 /kg) = 0.0449 m 3 Is = 44.9 L/s 
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5-196 Heat is transferred to a pressure cooker at a specified rate for a specified time period. The cooking temperature and 
the water remaining in the cooker are to be determined. 

Assumptions 1 This process can be analyzed as a uniform-flow process since the properties of the steam leaving the control 
volume remain constant during the entire cooking process. 2 The kinetic and potential energies of the streams 

are negligible, ke = pe = 0. 3 The pressure cooker is stationary and thus its kinetic and potential energy changes are zero; 
that is, AKE = APE = 0 and AE syst em = A£/ S y Stem . 4 The pressure (and thus temperature) in the pressure 

cooker remains constant. 5 Steam leaves as a saturated vapor at the cooker pressure. 6 There are no boundary, electrical, or 
shaft work interactions involved. 7 Heat is transferred to the cooker at a constant rate. 

Analysis We take the pressure cooker as the system. This is a control volume since mass crosses the system boundary 
during the process. We observe that this is an unsteady-flow process since changes occur within the control volume. Also, 
there is one exit and no inlets for mass flow. 

{a) The absolute pressure within the cooker is 

P a bs = Pgage + Palm = 75 + 1 00 = 175 kPa 

Since saturation conditions exist in the cooker at all times, the cooking temperature must be the saturation temperature 
corresponding to this pressure. From Table A-5, it is 

^2 = ^sat @ 175 kPa = 1 1 6.04°C 

which is about 16°C higher than the ordinary cooking temperature. 

( b ) Noting that the microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy 
u , respectively, the mass and energy balances for this uniform-flow system can be expressed as 

Mass balance: 

***in ~ ***out = ^system “> “ m e = (***2 “ ***1 )cv 0r m e = 0*1 “ m 2 >CV 


Energy balance : 

fin ~ gput — system 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Q m - m e h e = m 2 u 2 - m x u x (since W = ke = pe = 0) 

Combining the mass and energy balances gives 

Cin = 0*1 -'**2 )h e +rn 2 u 2 -m x U\ 

The amount of heat transfer during this process is found from 

Q. n = Q m AT = (0.5 kJ/s)(30 x 60 s) = 900 kJ 

Steam leaves the pressure cooker as saturated vapor at 175 kPa at all 
times. Thus, 

fi = fi@175kPa = 2700.2 kJ/kg 



System 


Qi 500 w 


The initial internal energy is found after the quality is determined: 


V 0.006 m 


C/j = 


m 


1kg 


= 0.006 m7kg 


x t =^^= 0 006 -°- 0Q1 =0.00499 


v fg 1.004-0.001 


Thus. 


u x = u f + x x u fg = 486.82 + (0.00499)(2037.7) kJ/kg = 497 kJ/kg 


and 
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U x = m x u x = (1 kg)(497 kJ/kg) = 497 kJ 

The mass of the system at the final state is m 2 = t// i^. Substituting this into the energy equation yields 

f i/) (</ ) 

Gin = m \ K + «2 


There are two unknowns in this equation, u 2 and Thus we need to relate them to a single unknown before we can 
determine these unknowns. Assuming there is still some liquid water left in the cooker at the final state (i.e., saturation 
conditions exist), c/ 2 and u 2 can be expressed as 

c / 2 = Vf + x 2 i //„ = 0.001 + x 2 (1.004 - 0.001) m 3 /kg 
u 2 =Uj + x 2 u fg = 486.82 + x 2 (2037.7) kJ/kg 

Recall that during a boiling process at constant pressure, the properties of each phase remain constant (only the amounts 
change). When these expressions are substituted into the above energy equation, x 2 becomes the only unknown, and it is 
determined to be 


Thus, 


x 2 =0.009 


</ 2 = 0.001 + (0.009)(1.004 - 0.001) m 3 /kg = 0.010 m 3 /kg 


V 0.006 m 

m 2 = — = — = 0.6 kg 


0.01m /kg 


Therefore, after 30 min there is 0.6 kg water (liquid + vapor) left in the pressure cooker. 

Discussion Note that almost half of the water in the pressure cooker has evaporated during cooking. 
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5-197 A water tank open to the atmosphere is initially filled with water. The tank discharges to the atmosphere through a 
long pipe connected to a valve. The initial discharge velocity from the tank and the time required to empty the tank are to be 
determined. 

Assumptions 1 The flow is incompressible. 2 The draining pipe is horizontal. 3 The tank is considered to be empty when 
the water level drops to the center of the valve. 


Analysis ( a ) Substituting the known quantities, the discharge velocity can be expressed as 

= V°-1212gz 


V = 


2 gz 


2 gz 


1.5 + fL/D y 1.5 + 0.015(100m)/(0.10m) 

Then the initial discharge velocity becomes 

Vj = ^jOA212gzi = >1212(9.81m/s 2 )(2m) = 1.54 m/s 

where z is the water height relative to the center of the orifice at that time. 

( b ) The flow rate of water from the tank can be obtained by 
multiplying the discharge velocity by the pipe cross-sectional area, 


V = A pipe V 2 = 


xD 


y/0. 1212 gz 



Then the amount of water that flows through the pipe during a differential time interval dt is 

.2 j 

(i) 


xD 


d 1 / = Odt = Jo.nngzdt 


which, from conservation of mass, must be equal to the decrease in the volume of water in the tank, 


= Aank (~dz) = 


XDr 


dz 


(2) 


where dz is the change in the water level in the tank during dt. (Note that dz is a negative quantity since the positive 
direction of z is upwards. Therefore, we used -dz to get a positive quantity for the amount of water discharged). Setting 
Eqs. (1) and (2) equal to each other and rearranging, 


xD 


.J0.1212gzdt = 


xD, 


dz —> dt = 


D, 


dz 


D, 


D 2 Jo.nngz D 2 ^0.1212g 


Z 2 dz 


The last relation can be integrated easily since the variables are separated. Letting tj- be the discharge time and integrating it 
from t = 0 when z = Zi to t = ^ when z = 0 (completely drained tank) gives 


i 


*/ . D o -° 


>=° dr D 2 y]0.]2]2g J z=z, 


f _1 / 2 i . . 

\ z dz -> t f =- 

JZ-7 . , 


n 2 

lJ () 

z 2 

D 2 ^0.1212g 

1 

2 


2D, 


Z\ 


D 2 ^Q.\2\2g 1 


Simplifying and substituting the values given, the draining time is determined to be 

,2 




2D 


o 


Z\ 


2(10 m) 


2 m 


= 25,940 s = 7.21 h 


D 2 V 0.1212^ (0.1m) 2 V 0.1212(9.81 m/s 2 ) 

Discussion The draining time can be shortened considerably by installing a pump in the pipe. 
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5-198 A fluid is flowing in a circular pipe. A relation is to be obtained for the average fluid velocity in therms of V(r), R , 
and r. 

Analysis Choosing a circular ring of area dA = lyirdr as our differential area, the mass flow rate through a cross-sectional 
area can be expressed as 



5-199 Two streams of same ideal gas at different states are mixed in a mixing chamber. The simplest expression for the 
mixture temperature in a specified format is to be obtained. 

Analysis The energy balance for this steady-flow system can be expressed in the rate form as 



v 

Rate of net energy transfer 
by heat, work, and mass 


a 77 ^0 (steady) 

system 

J 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 



m x h x + m 2 h 2 
™\CpI 1 + m 2 c p T 2 


f 

^OUt 

/ 7 Y 3 /Z 3 (since Q = W = 0) 
m 3 c p T 3 


and, 


m h T 1 



ra 2 , T 2 


m 3 = m x + m 2 


Solving for final temperature, we find 


T 3 = 


m, 


m 


^1 + 


m 


T~ 


m 


5-200 A rigid container filled with an ideal gas is heated while gas is released so that the temperature of the gas remaining 
in the container stays constant. An expression for the mass flow rate at the outlet as a function of the rate of pressure change 
in the container is to be derived. 


Analysis At any instant, the mass in the control volume may be expressed as 


V 

m cv ~ 

(/ 


t/ 

RT 


P 


Since there are no inlets to this control volume, the conservation of mass principle becomes 


dm 


m in ~ m out 


cv 


dt 

dm 


m out = 


cv 


dt 


V dP 
RT dt 
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5-201 An evacuated bottle is surrounded by atmospheric air. A valve is opened, and air is allowed to fill the bottle. The 
amount of heat transfer through the wall of the bottle when thermal and mechanical equilibrium is established is to be 
determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform- flow process since the state of fluid at the inlet remains constant. 2 Air is an ideal gas. 3 
Kinetic and potential energies are negligible. 4 There are no work interactions involved. 5 The direction of heat transfer is 
to the air in the bottle (will be verified). 

Analysis We take the bottle as the system. It is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 

Mass balance : 

'"in - '"out = System m , = m 2 (sinC e»! out = '"initial = °) 

Energy balance : 

^in — ^out — '^^system 

V V ' V V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Gin + m i h i = '»2«2 (since W = £ out = £ initial = ke = pe = 0) 

Combining the two balances : 

Gin = ^hiui-hi) = m 2 (c v T 2 -c p l}) 



but 


T\ = T 2 = T 0 

and 

c p - c„ = R. 
Substituting, 


Gin = m 2 (c v - c p )r 0 = -m 2 RT 0 = 


W 

RTn 


RTq = 


-p<y 


Therefore, 


Gout = Po V (Heat is lost from the tank) 
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5-202 Steam is accelerated by a nozzle steadily from a low velocity to a velocity of 280 m/s at a rate of 2.5 kg/s. If the 
temperature and pressure of the steam at the nozzle exit are 400°C and 2 MPa, the exit area of the nozzle is 

(a) 8.4 cm 2 (b) 10.7 cm 2 (c) 13.5 cm 2 (d) 19.6 cm 2 (e) 23.0 cm 2 

Answer (c) 13.5 cm 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


VeM =0 "m/s" 

Vel_2=280 "m/s" 
m=2.5 "kg/s" 

T2=400 "C” 

P2=2000 "kPa" 

"The rate form of energy balance is E_dot_in - E_dot_out = DELTAE_dot_cv" 

v2=VOLUME(SteamJAPWS,T=T2,P=P2) 

m=(1/v2)*A2*Vel_2 "A2 in m A 2" 

"Some Wrong Solutions with Common Mistakes:" 

R=0.461 5 "kJ/kg.K" 

P2*v2ideal=R*(T2+273) 

m=(1/v2ideal)*W1_A2*Vel_2 "assuming ideal gas" 

P1*v2ideal=R*T2 

m=(1/v2ideal)*W2_A2*Vel_2 "assuming ideal gas and using C" 
m=W3_A2*Vel_2 "not using specific volume" 
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5-203 Steam enters a diffuser steadily at 0.5 MPa, 300°C, and 122 m/s at a rate of 3.5 kg/s. The inlet area of the diffuser is 
(a) 15 cm 2 (b) 50 cm 2 (c) 105 cm 2 (d) 150 cm 2 (e) 190 cm 2 

Answer (d) 150 cm’ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Vel_1 =1 22 "m/s" 
m=3.5 "kg/s" 

T1=300 "C" 

PI =500 "kPa" 

"The rate form of energy balance is E_dot_in - E_dot_out = DELTAE_dot_cv" 
vl =VOLUME(SteamJAPWS,T=T1 ,P=P1 ) 
m=(1/v1)*A*Vel_1 "A in m A 2" 

"Some Wrong Solutions with Common Mistakes:" 

R=0.461 5 "kJ/kg.K" 

P1*v1 ideal=R*(T1+273) 

m=(1/v1ideal)*W1_A*Vel_1 "assuming ideal gas" 

P1*v2ideal=R*T1 

m=(1/v2ideal)*W2_A*Vel_1 "assuming ideal gas and using C" 
m=W3_A*Vel_1 "not using specific volume" 


5-204 An adiabatic heat exchanger is used to heat cold water at 15°C entering at a rate of 5 kg/s by hot air at 90°C entering 
also at rate of 5 kg/s. If the exit temperature of hot air is 20°C, the exit temperature of cold water is 

(a) 27°C (b) 32°C (c) 52°C (d) 85°C (e) 90°C 

Answer (b) 32°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


C_w=4.18 "kJ/kg-C" 

Cp_air=1.005 "kJ/kg-C" 

Tw1=15 "C" 
m_dot_w=5 "kg/s" 

Tair1=90 "C" 

Tair2=20 "C" 
m_dot_air=5 "kg/s" 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
m_dot_air*Cp_air*(Tair1-Tair2)=m_dot_w*C_w*(Tw2-Tw1) 

"Some Wrong Solutions with Common Mistakes:" 

(Tair1-Tair2)=(W1_Tw2-Tw1) "Equating temperature changes of fluids" 
Cv_air=0.718 "kJ/kg.K" 

m_dot_air*Cv_air*(Tair1-Tair2)=m_dot_w*C_w*(W2_Tw2-Tw1) "Using Cv for air" 
W3_Tw2=Tair1 "Setting inlet temperature of hot fluid = exit temperature of cold fluid" 
W4_Tw2=Tair2 "Setting exit temperature of hot fluid = exit temperature of cold fluid" 
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5-205 A heat exchanger is used to heat cold water at 15°C entering at a rate of 2 kg/s by hot air at 85°C entering at rate of 3 
kg/s. The heat exchanger is not insulated, and is loosing heat at a rate of 25 kJ/s. If the exit temperature of hot air is 20°C, 
the exit temperature of cold water is 

(a) 28°C (b) 35 °C (c) 38°C (d)41°C (e) 80°C 

Answer (b) 35°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


C_w=4.18 "kJ/kg-C" 

Cp_air=1.005 "kJ/kg-C” 

Tw1=15 "C" 
m_dot_w=2 "kg/s" 

Tair1=85 "C" 

Tair2=20 "C" 
m_dot_air=3 "kg/s" 

Q_loss=25 "kJ/s" 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
m_dot_air*Cp_air*(Tair1-Tair2)=m_dot_w*C_w*(Tw2-Tw1)+Q_loss 

"Some Wrong Solutions with Common Mistakes:" 

m_dot_air*Cp_air*(Tair1-Tair2)=m_dot_w*C_w*(W1_Tw2-Tw1) "Not considering QJoss" 
m_dot_air*Cp_air*(Tair1 -Tair2)=m_dot_w*C_w*(W2_Tw2-Tw1 )-Q_loss "Taking heat loss as heat gain" 
(Tair1-Tair2)=(W3_Tw2-Tw1) "Equating temperature changes of fluids" 

Cv_air=0.718 "kJ/kg.K" 

m_dot_air*Cv_air*(Tair1-Tair2)=m_dot_w*C_w*(W4_Tw2-Tw1)+Q_loss "Using Cvfor air" 


5-206 An adiabatic heat exchanger is used to heat cold water at 15°C entering at a rate of 5 kg/s by hot water at 90°C 
entering at rate of 4 kg/s. If the exit temperature of hot water is 50°C, the exit temperature of cold water is 

(a) 42°C (b) 47°C (c) 55°C (d) 78°C (e) 90°C 

Answer (b) 47°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


C_w=4.1 8 "kJ/kg-C" 

Tcold_1=15 "C" 
m_dot_cold=5 "kg/s" 

Thot_1=90 "C" 

Thot_2=50 "C" 
m_dot_hot=4 "kg/s" 

Q_loss=0 "kJ/s" 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
m_dot_hot*C_w*(Thot_1 -Thot_2)=m_dot_cold*C_w*(Tcold_2-Tcold_1)+Q_loss 

"Some Wrong Solutions with Common Mistakes:" 

Thot_1-Thot_2=W1_Tcold_2-Tcold_1 "Equating temperature changes of fluids" 
W2_Tcold_2=90 "Taking exit temp of cold fluid=inlet temp of hot fluid" 
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5-207 In a shower, cold water at 10°C flowing at a rate of 5 kg/min is mixed with hot water at 60°C flowing at a rate of 2 
kg/min. The exit temperature of the mixture will be 

(a) 24.3°C (b) 35.0°C (c) 40.0°C (d) 44.3°C (e) 55.2°C 

Answer (a) 24.3°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


C_w=4.18 "kJ/kg-C" 

Tcold_1=10 "C" 
m_dot_cold=5 "kg/min" 

Thot_1=60 "C" 
m_dot_hot=2 "kg/min" 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
m_dot_hot*C_w*Thot_1 +m_dot_cold*C_w*Tcold_1 =(m_dot_hot+m_dot_cold)*C_w*T mix 
"Some Wrong Solutions with Common Mistakes:" 

W1_Tmix=(Tcold_1+Thot_1)/2 "Taking the average temperature of inlet fluids" 


5-208 In a heating system, cold outdoor air at 7°C flowing at a rate of 4 kg/min is mixed adiabatically with heated air at 
70°C flowing at a rate of 3 kg/min. The exit temperature of the mixture is 

(a) 34°C (b) 39°C (c) 45°C (d) 63°C (e) 77°C 

Answer (a) 34°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


C_air=1 .005 "kJ/kg-C" 

Tcold_1=7 "C" 
m_dot_cold=4 "kg/min" 

Thot_1=70 "C" 
m_dot_hot=3 "kg/min" 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
m_dot_hot*C_air*Thot_1+m_dot_cold*C_air*Tcold_1=(m_dot_hot+m_dot_cold)*C_air*Tmix 
"Some Wrong Solutions with Common Mistakes:" 

W1_Tmix=(Tcold_1+Thot_1)/2 "Taking the average temperature of inlet fluids" 
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5-209 Hot combustion gases (assumed to have the properties of air at room temperature) enter a gas turbine at 1 MPa and 
1500 K at a rate of 0.1 kg/s, and exit at 0.2 MPa and 900 K. If heat is lost from the turbine to the surroundings at a rate of 
15 kJ/s, the power output of the gas turbine is 

(a) 15 kW (b) 30 kW (c) 45 kW (d) 60 kW (e) 75 kW 

Answer (c) 45 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Cp_air=1 .005 "kJ/kg-C" 

T1=1500 "K" 

T2=900 "K" 
m_dot=0.1 "kg/s" 

Q_dot_loss=15 "kJ/s” 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
W_dot_out+Q_dot_loss=m_dot*Cp_air*(T 1 -T2) 

"Alternative: Variable specific heats - using EES data" 

W_dot_outvariable+Q_dot_loss=m_dot*(ENTHALPY(Air,T=T1)-ENTHALPY(Air,T=T2)) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Wout=m_dot*Cp_air*(T1-T2) "Disregarding heat loss" 

W2_Wout-Q_dot_loss=m_dot*Cp_air*(T1-T2) "Assuming heat gain instead of loss" 


5-210 Steam expands in a turbine from 4 MPa and 500°C to 0.5 MPa and 250°C at a rate of 1350 kg/h. Heat is lost from the 
turbine at a rate of 25 kJ/s during the process. The power output of the turbine is 

(a) 157 kW (b) 207 kW (c)182kW (d) 287 kW (e) 246 kW 

Answer (a) 157 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T1=500 "C" 

PI =4000 "kPa" 

T2=250 "C" 

P2=500 "kPa" 
m_dot= 1350/3600 "kg/s" 

Q_dot_loss=25 "kJ/s" 

h1=ENTHALPY(Steam_IAPWS,T=T1 ,P=P1 ) 
h2=ENTHALPY(Steam_IAPWS,T=T2,P=P2) 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
W_dot_out+Q_dot_loss=m_dot*(h1-h2) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Wout=m_dot*(h1-h2) "Disregarding heat loss" 

W2_Wout-Q_dot_loss=m_dot*(h1-h2) "Assuming heat gain instead of loss" 
u1=INTENERGY(Steam_IAPWS,T=T1 ,P=P1 ) 
u2=INTENERGY(SteamJAPWS,T=T2,P=P2) 

W3_Wout+Q_dot_loss=m_dot*(u1-u2) "Using internal energy instead of enthalpy" 
W4_Wout-Q_dot_loss=m_dot*(u1-u2) "Using internal energy and wrong direction for heat" 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


5-175 


5-211 Steam is compressed by an adiabatic compressor from 0.2 MPa and 150°C to 0.8 MPa and 350°C at a rate of 1.30 
kg/s. The power input to the compressor is 

(a) 5 1 1 kW (b) 393 kW (c) 302 kW (d)717kW (e) 901 kW 

Answer (a) 5 1 1 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PI =200 "kPa" 

T1=150 "C" 

P2=800 "kPa" 

T2=350 "C" 
m_dot=1 .30 "kg/s" 

Q_dot_loss=0 "kJ/s" 

hi =ENTHALPY(SteamJAPWS,T=T1 ,P=P1 ) 
h2=ENTHALPY(Steam_IAPWS,T=T2,P=P2) 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
W_dot_in-Q_dot_loss=m_dot*(h2-h1) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Win-Q_dot_loss=(h2-h1)/m_dot "Dividing by mass flow rate instead of multiplying" 
W2_Win-Q_dot_loss=h2-h1 "Not considering mass flow rate" 
u1=INTENERGY(Steam_IAPWS,T=T1 ,P=P1 ) 
u2=INTENERGY(SteamJAPWS,T=T2,P=P2) 

W3_Win-Q_dot_loss=m_dot*(u2-u1) "Using internal energy instead of enthalpy" 
W4_Win-Q_dot_loss=u2-u1 "Using internal energy and ignoring mass flow rate" 
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5-212 Refrigerant- 134a is compressed by a compressor from the saturated vapor state at 0.14 MPa to 0.9 MPa and 60°C at 
a rate of 0.108 kg/s. The refrigerant is cooled at a rate of 1.10 kJ/s during compression. The power input to the compressor 
is 

(a) 4.94 kW (b) 6.04 kW (c)7.14kW (d) 7.50 kW (e)8.13kW 

Answer (c)7.14kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PI =140 "kPa" 
x 1 = 1 

P2=900 "kPa" 

T2=60 "C" 
m_dot=0.1 08 "kg/s" 

Q_dot_loss=1 .1 0 "kJ/s" 
hi =ENTHALPY(R1 34a,x=x1 ,P=P1 ) 
h2=ENTHALPY(R1 34a,T=T2,P=P2) 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
W_dot_in-Q_dot_loss=m_dot*(h2-h1) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Win+Q_dot_loss=m_dot*(h2-h1) "Wrong direction for heat transfer" 

W2_Win =m_dot*(h2-h1) "Not considering heat loss" 
u1=INTENERGY(R1 34a,x=x1 ,P=P1) 
u2=INTENERGY(R1 34a,T=T2,P=P2) 

W3_Win-Q_dot_loss=m_dot*(u2-u1) "Using internal energy instead of enthalpy" 
W4_Win+Q_dot_loss=u2-u1 "Using internal energy and wrong direction for heat transfer" 
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5-213 Refrigerant- 134a expands in an adiabatic turbine from 1.2 MPa and 100°C to 0.18 MPa and 50°C at a rate of 1.25 
kg/s. The power output of the turbine is 

(a) 46.3 kW (b) 66.4 kW (c) 72.7 kW (d) 89.2 kW (e) 1 12.0 kW 

Answer (a) 46.3 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

PI =1200 "kPa" 

T1=100 "C" 

P2=180 "kPa" 

T2=50 "C" 
m_dot=1 .25 "kg/s" 

Q_dot_loss=0 "kJ/s" 
hi =ENTHALPY(R1 34a,T=T1 ,P=P1 ) 
h2=ENTHALPY(R1 34a,T=T2,P=P2) 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
-W_dot_out-Q_dot_loss=m_dot*(h2-h1) 

"Some Wrong Solutions with Common Mistakes:" 

-W1_Wout-Q_dot_loss=(h2-h1)/m_dot "Dividing by mass flow rate instead of multiplying" 
-W2_Wout-Q_dot_loss=h2-h1 "Not considering mass flow rate" 
u1=INTENERGY(R134a,T=T1,P=P1) 
u2=INTENERGY(R1 34a,T=T2,P=P2) 

-W3_Wout-Q_dot_loss=m_dot*(u2-u1) "Using internal energy instead of enthalpy" 
-W4_Wout-Q_dot_loss=u2-u1 "Using internal energy and ignoring mass flow rate" 


5-214 Refrigerant- 134a at 1.4 MPa and 90°C is throttled to a pressure of 0.6 MPa. The temperature of the refrigerant after 
throttling is 

(a) 22°C (b) 56°C (c) 82°C (d) 80°C (e) 90.0°C 

Answer (d) 80°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PI =1400 "kPa" 

T1=90 "C" 

P2=600 "kPa" 

hi =ENTHALPY(R1 34a,T=T1 ,P=P1 ) 

T2=TEMPERATURE(R1 34a,h=h1 ,P=P2) 

"Some Wrong Solutions with Common Mistakes:" 

W1_T2=T1 "Assuming the temperature to remain constant" 

W2_T2=TEMPERATURE(R134a,x=0,P=P2) "Taking the temperature to be the saturation temperature at P2" 
u1=INTENERGY(R134a,T=T1,P=P1) 

W3_T2=TEMPERATURE(R1 34a,u=u1 ,P=P2) "Assuming u=constant" 
vl =VOLUME(R1 34a,T=T1 ,P=P1 ) 

W4_T2=TEMPERATURE(R1 34a,v=v1 ,P=P2) "Assuming v=constant" 
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5-215 Air at 27°C and 5 atm is throttled by a valve to 1 atm. If the valve is adiabatic and the change in kinetic energy is 
negligible, the exit temperature of air will be 

(a) 10°C (b) 15°C (c) 20°C (d) 23°C (e) 27°C 

Answer (e) 27°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


"The temperature of an ideal gas remains constant during throttling, and thus T2=T1" 
T1=27 "C" 

PI =5 "atm" 

P2=1 "atm" 

T2=T1 "C" 

"Some Wrong Solutions with Common Mistakes:" 

W1_J2=T1*P1/P2 "Assuming v=constant and using C" 

W2_T2=(T1 +273)*P1/P2-273 "Assuming v=constant and using K" 

W3_T2=T1*P2/P1 "Assuming v=constant and pressures backwards and using C" 
W4_T2=(T1+273)*P2/P1 "Assuming v=constant and pressures backwards and using K" 


5-216 Steam at 1 MPa and 300°C is throttled adiabatically to a pressure of 0.4 MPa. If the change in kinetic energy is 
negligible, the specific volume of the steam after throttling will be 

(a) 0.358 m 3 /kg (b) 0.233 m 3 /kg (c) 0.375 m 3 /kg (d) 0.646 m 3 /kg (e) 0.655 m 3 /kg 
Answer (d) 0.646 m 3 /kg 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PI =1000 "kPa" 

T1=300 "C" 

P2=400 "kPa" 

hi =ENTHALPY(SteamJAPWS,T=T1 ,P=P1 ) 
v2=VOLUME(SteamJAPWS,h=h1 ,P=P2) 

"Some Wrong Solutions with Common Mistakes:" 

W1_v2=VOLUME(Steam_IAPWS,T=T1 ,P=P2) "Assuming the volume to remain constant" 
u1=INTENERGY(Steam,T=T1 ,P=P1 ) 

W2_v2=VOLUME(Steam_IAPWS,u=u1 ,P=P2) "Assuming u=constant" 
W3_v2=VOLUME(SteamJAPWS,T=T1 ,P=P2) "Assuming T=constant" 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


5-179 

5-217 Air is to be heated steadily by an 8-kW electric resistance heater as it flows through an insulated duct. If the air enters 
at 50°C at a rate of 2 kg/s, the exit temperature of air will be 

(a) 46.0°C (b) 50.0°C (c) 54.0°C (d) 55.4°C (e) 58.0°C 

Answer (c) 54.0°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Cp=1 .005 "kJ/kg-C" 

T1=50 "C" 
m_dot=2 "kg/s" 

W_dot_e=8 "kJ/s" 

W_dot_e=m_dot*Cp*(T2-T 1 ) 

"Checking using data from EES table" 

W_dot_e=m_dot*(ENTHALPY(Air,T=T_2table)-ENTHALPY(Air,T=T1)) 

"Some Wrong Solutions with Common Mistakes:" 

Cv=0.718 "kJ/kg.K" 

W_dot_e=Cp*(W1_T2-T1) "Not using mass flow rate" 
W_dot_e=m_dot*Cv*(W2_T2-T 1 ) "Using Cv" 
W_dot_e=m_dot*Cp*W3_T2 "Ignoring T1" 


5-218 Saturated water vapor at 40°C is to be condensed as it flows through a tube at a rate of 0.20 kg/s. The condensate 
leaves the tube as a saturated liquid at 40°C. The rate of heat transfer from the tube is 

(a) 34 kJ/s (b) 481 kJ/s (c) 2406 kJ/s (d) 514 kJ/s (e) 548 kJ/s 

Answer (b) 481 kJ/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T1=40 "C" 
m_dot=0.20 "kg/s" 

h_f=ENTHALPY(Steam_IAPWS,T=T1 ,x=0) 
h_g=ENTHALPY(Steam_IAPWS,T=T1 ,x=1 ) 
h_fg=h_g-h_f 
Q_dot=m_dot*h_fg 

"Some Wrong Solutions with Common Mistakes:" 
W1 _Q=m_dot*h_f "Using hf" 

W2_Q=m_dot*h_g "Using hg" 

W3_Q=h_fg "not using mass flow rate" 

W4_Q= m_dot* ( h_f+ h_g ) "Adding hf and hg" 


5-219 ... 5-223 Design and Essay Problems 
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Solutions Manual for 
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Thermodynamics: An Engineering Approach 

Seventh Edition 

Yunus A. Cengel, Michael A. Boles 
McGraw-Hill, 201 1 


Chapter 6 

THE SECOND LAW OF THERMODYNAMICS 
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The Second Law of Thermodynamics and Thermal Energy Reservoirs 


6-2 


6-1C Transferring 5 kWh of heat to an electric resistance wire and producing 5 kWh of electricity. 


6-2C An electric resistance heater which consumes 5 kWh of electricity and supplies 6 kWh of heat to a room. 


6-3C Transferring 5 kWh of heat to an electric resistance wire and producing 6 kWh of electricity. 


6-4C No. Heat cannot flow from a low-temperature medium to a higher temperature medium. 


6-5C A thermal-energy reservoir is a body that can supply or absorb finite quantities of heat isothermally. Some examples 
are the oceans, the lakes, and the atmosphere. 


6-6C Yes. Because the temperature of the oven remains constant no matter how much heat is transferred to the potatoes. 


6-7C The surrounding air in the room that houses the TV set. 
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Heat Engines and Thermal Efficiency 


6-3 


6-8C No. Such an engine violates the Kelvin-Planck statement of the second law of thermodynamics. 


6-9C Heat engines are cyclic devices that receive heat from a source, convert some of it to work, and reject the rest to a 
sink. 


6-10C No. Because 100% of the work can be converted to heat. 


6-11C It is expressed as "No heat engine can exchange heat with a single reservoir, and produce an equivalent amount of 
work". 


6-12C (a) No, (b) Yes. 


According to the second law, no heat engine can have and efficiency of 100%. 


6-13C No. Such an engine violates the Kelvin-Planck statement of the second law of thermodynamics. 


6-14C No. The Kelvin-Plank limitation applies only to heat engines; engines that receive heat and convert some of it to 
work. 


6-15C Method (b). With the heating element in the water, heat losses to the surrounding air are minimized, and thus the 
desired heating can be achieved with less electrical energy input. 


6-16E The rate of heat input and thermal efficiency of a heat engine are given. The power output of the heat engine is to be 
determined. 


Assumptions 1 The plant operates steadily. 2 Heat losses from the working 
fluid at the pipes and other components are negligible. 


Analysis Applying the definition of the thermal efficiency to the heat engine, 
^net =? 7th Qh 


= (0.4)(3 x 1 0 4 Btu/h) 


lhp 


2544.5 Btu/h 


C^Source 



40% 



= 4.72 hp 
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6-17 The power output and thermal efficiency of a heat engine are given. The rate of heat input is to be determined. 


Assumptions 1 The plant operates steadily. 2 Heat losses from the working 
fluid at the pipes and other components are negligible. 

Analysis Applying the definition of the thermal efficiency to the heat engine, 


Qh 



30hp T 0.7457 kJ/s " 
0.4 [ lhp , 


= 55.9 kJ/s 


Oource 



6-18 The power output and thermal efficiency of a power plant are given. The rate of heat rejection is to be determined, and 
the result is to be compared to the actual case in practice. 

Assumptions 1 The plant operates steadily. 2 Heat losses from the working fluid at the pipes and other components are 
negligible. 

Analysis The rate of heat supply to the power plant is determined from the thermal efficiency relation, 



W 

rr net, out 

7th 


600 MW 
0.4 


= 1500 MW 


The rate of heat transfer to the river water is determined from the first law relation 
for a heat engine, 

Ql = Qh - W'ncuxu = 1500 - 600 = 900 MW 

In reality the amount of heat rejected to the river will be lower since part of the 
heat will be lost to the surrounding air from the working fluid as it passes 
through the pipes and other components. 


C^Furnace^^) 



6-19 The work output and heat input of a heat engine are given. The heat rejection is to be determined. 


Assumptions 1 The plant operates steadily. 2 Heat losses from the working 
fluid at the pipes and other components are negligible. 

Analysis Applying the first law to the heat engine gives 

q l =q h - w net = 700 kJ - 250 kJ = 450 kJ 



net 
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6-20 The heat rejection and thermal efficiency of a heat engine are given. The heat input to the engine is to be determined. 


Assumptions 1 The plant operates steadily. 2 Heat losses from the working 
fluid at the pipes and other components are negligible. 

Analysis According to the definition of the thermal efficiency as applied to 
the heat engine, 

Wnet =rj±q H 

Qh -Ql =7 i thtf// 
which when rearranged gives 



#// ~ 


1 - /7 th 


lOOOkJ/kg 

1-0.4 


= 1667kJ/kg 


6-21 The power output and fuel consumption rate of a power plant are given. The thermal efficiency is to be determined. 
Assumptions The plant operates steadily. 


Properties The heating value of coal is given to be 30,000 kJ/kg. 
Analysis The rate of heat supply to this power plant is 

Qh ~ ^ coal ^HV, coal 

= (60,000 kg/hX30,000 kJ/kg) = 1.8 xlO 9 kJ/h 
= 500 MW 

Then the thermal efficiency of the plant becomes 



Kc t ,out 150 MW 

Ou ~ 500 MW 


= 0.300 = 30.0% 
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6-22 The power output and fuel consumption rate of a car engine are given. The thermal efficiency of the engine is to be 
determined. 

Assumptions The car operates steadily. 

Properties The heating value of the fuel is given to be 44,000 kJ/kg. 

Analysis The mass consumption rate of the fuel is 


<C1 = (ptOfte i = (°- 8 kg/L)(22 L/h) =17.6 kg/h 
The rate of heat supply to the car is 

Qh ~ 777 coal *?HV, coal 

= (17.6 kg/h)(44,000 kJ/kg) 

= 774,400 kJ/h = 215.1 kW 

Then the thermal efficiency of the car becomes 



7th = 


Qh 


55 kW 
215.1 kW 


= 0.256 = 25 . 6 % 


6-23 The United States produces about 5 1 percent of its electricity from coal at a conversion efficiency of about 34 percent. 
The amount of heat rejected by the coal-fired power plants per year is to be determined. 

Analysis Noting that the conversion efficiency is 34%, the amount of heat rejected by the coal plants per year is 


W. 


7 7th = 


Q-out 


coal 


w, 


coal 


fin 

'7 th 


fi>ut + ^coal 


w, 



Furnace 


coal 


1.878 x 10 12 kWh _ 
0.34 

= 3.646 xIO 12 kWh 


1.878 xlO 12 kWh 


Q 



1.878xl0 12 kWh 


out 


?/th = 34% 



sink 
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6-24 The projected power needs of the United States is to be met by building inexpensive but inefficient coal plants or by 
building expensive but efficient IGCC plants. The price of coal that will enable the IGCC plants to recover their cost 
difference from fuel savings in 5 years is to be determined. 

Assumptions 1 Power is generated continuously by either plant at full 
capacity. 2 The time value of money (interest, inflation, etc.) is not 
considered. 

Properties The heating value of the coal is given to be 28x1 0 6 kJ/ton. 

Analysis For a power generation capacity of 150,000 MW, the 
construction costs of coal and IGCC plants and their difference are 

Construction cost coal = (1 50,000,000 kW)($ 1 300/kW) = $ 1 95 x 10 9 
Construction cost 1GCC = (150,000,000 kW)($1500/kW) = $225 xlO 9 
Construction cost difference = $225 xlO 9 -$195xl0 9 =$30xl0 9 



The amount of electricity produced by either plant in 5 years is 

W e =fFAt = (150,000,000kW)(5x365x24h) = 6.570xl0 12 kWh 
The amount of fuel needed to generate a specified amount of power can be determined from 


?l = 


Q m 


W 

^Qin= 6 




or m fuel = 


<2in 


W r . 


Heating value ^(Heating value) 


Then the amount of coal needed to generate this much electricity by each plant and their difference are 




6.570 xlO 12 kWh 


m 


m 


coal, coal plant 


coal, IGCC plant 


^(Heating value) (0.40)(28 x 10 6 kJ/ton) 


W„ 


6.570 xlO 12 kWh 


3600 kJ 
lkWh . 

3600 kJ 


= 2.1 12 x l(r tons 


7( Heating value) (0.48)(28 x 10 6 kJ/ton) 


v 


1 kWh 


= 1.760 xlO 9 tons 


J 


Am 


coal 


= w coal, coal plant — w coal, IGCC plant =2.H2x 1 0 9 — L760xl0 9 = 0.352 xlO 9 tons 


For Am coal to pay for the construction cost difference of $30 billion, the price of coal should be 

Construction cost difference $3 0 x 1 0 9 


Unit cost of coal = 


A m 


coal 


0.352 x 10 ; tons 


$85.2/ton 


Therefore, the IGCC plant becomes attractive when the price of coal is above $85.2 per ton. 
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6-8 


6-25 



Problem 6-24 is reconsidered. The price of coal is to be investigated for varying simple payback periods, plant 


construction costs, and operating efficiency. 

Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

W_dot=15E7 [kW] 

Cost_coal=1300 [$/kW] 
eta_coal=0.40 
Cost_IGCC=1500 [$/kW] 
etaJGCC=0.48 
HV_coal=28000 [kJ/kg] 

PaybackYears=5 [yr] 

"Analysis" 

time=PaybackYears*Convert(yr, h) 

ConstCost_coal=W_dot*Cost_coal 

ConstCost_IGCC=W_dot*CostJGCC 

ConstCostDif=ConstCost_IGCC-ConstCost_coal 

W_e=W_dot*time 

m_coal_coal=W_e/(eta_coal*HV_coal)*Convert(kWh, kJ) 
m_coal_IGCC=W_e/(eta_IGCC*HV_coal)*Convert(kWh, kJ) 
DELTAm_coal=m_coal_coal-m_coaMGCC 
UnitCost_coal=ConstCostDif/DELTAm_coal*1000 



PaybackYears 

[yrl 

UnitCoStcoal 

[$/ton] 

1 

426.2 

2 

213.1 

3 

142.1 

4 

106.5 

5 

85.24 

6 

71.03 

7 

60.88 

8 

53.27 

9 

47.35 

10 

42.62 
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11 coal 

UnitCostcoai 

[$/ton] 

0.3 

28.41 

0.31 

31.09 

0.32 

34.09 

0.33 

37.5 

0.34 

41.4 

0.35 

45.9 

0.36 

51.14 

0.37 

57.34 

0.38 

64.78 

0.39 

73.87 

0.4 

85.24 

0.41 

99.85 

0.42 

119.3 

0.43 

146.6 

0.44 

187.5 

0.45 

255.7 



T|coal 



CostiGcc 

[$/kW] 

UnitCostcoai 

[$/ton] 

1300 

0 

1400 

42.62 

1500 

85.24 

1600 

127.9 

1700 

170.5 

1800 

213.1 

1900 

255.7 

2000 

298.3 

2100 

340.9 

2200 

383.6 


CostiGcc [$/kW] 
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6-26 The projected power needs of the United States is to be met by building inexpensive but inefficient coal plants or by 
building expensive but efficient IGCC plants. The price of coal that will enable the IGCC plants to recover their cost 
difference from fuel savings in 3 years is to be determined. 

Assumptions 1 Power is generated continuously by either plant at full 
capacity. 2 The time value of money (interest, inflation, etc.) is not 
considered. 

Properties The heating value of the coal is given to be 28x1 0 6 kJ/ton. 

Analysis For a power generation capacity of 150,000 MW, the construction 
costs of coal and IGCC plants and their difference are 

Construction cost coal = (150,000,000 kW)($ 13 00/kW) = $195x 10 9 
Construction cost IGCC = (150,000,000 kW)($1500/kW) = $225xl0 9 
Construction cost difference = $225x10 9 -$195xl0 9 =$30xl0 9 



The amount of electricity produced by either plant in 3 years is 

W e = WAt = (1 50,000,000 kW)(3 x 365 x 24 h) = 3.942 x 1 0 12 kWh 
The amount of fuel needed to generate a specified amount of power can be determined from 




fj = 


W 

0in — 


or m fue{ = 


<2in 


W,. 


Q m 77 Heating value ^(Heating value) 

Then the amount of coal needed to generate this much electricity by each plant and their difference are 




3.942 xlO 12 kWh 


m 


m 


coal, coal plant 


//(Heating value) (0.40(28 x 10 6 kJ/ton) 


3600 kJ 
lkWh 


= 1.267 x l(r tons 




3.942 xlO 12 kWh 


coal, IGCC plant 


//(Heating value) (0.48)(28 x 10 6 kJ/ton) 


3600 kJ 


V 


1 kWh 


= 1.055x10* tons 


/ 


A m 


coal 


= coal, coal plant ~ ^coalJGCC plant = 1.267 xlO 9 - 1.055 x 10 9 = 0.21 1 X 10 9 tons 


For A/77 coal to pay for the construction cost difference of $30 billion, the price of coal should be 


Unit cost of coal = 


Construction cost difference 


Am 


coal 


$30xl0 9 
0.21 lxlO 9 tons 


$1 42/ton 


Therefore, the IGCC plant becomes attractive when the price of coal is above $142 per ton. 


6-27E The power output and thermal efficiency of a solar pond power plant are given. The rate of solar energy collection is 
to be determined. 


Assumptions The plant operates steadily. 

Analysis The rate of solar energy collection or the rate of heat supply to 
the power plant is determined from the thermal efficiency relation to be 


Qh = 


w 

net, out 

350 kW 

" 1 Btu 2 

"3600 s 2 

7th 

0.04 

[ 1.055 kJ J 

l lh J 


2.986 x10 7 Btu/h 
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6-28 A coal-burning power plant produces 300 MW of power. The amount of coal consumed during a one-day period and 
the rate of air flowing through the furnace are to be determined. 

Assumptions 1 The power plant operates steadily. 2 The kinetic and potential energy changes are zero. 

Properties The heating value of the coal is given to be 28,000 kJ/kg. 

Analysis {a) The rate and the amount of heat inputs to the power plant are 



W 

net, out 

7th 


300 MW 
0.32 


937.5 MW 


Q m = Q m At = (937.5 MJ/s)(24x 3600 s) = 8.1 x 10 7 MJ 


The amount and rate of coal consumed during this period are 


^coal 


Cm 


8.1x10' MJ 


q HV 28 MJ/kg 


2.893 xIO 6 kg 


<a! = ^ = Z ! 93x 2!!„ kg = 33.48 kg/s 


At 


24 x 3600 s 


(b) Noting that the air- fuel ratio is 12, the rate of air flowing through the furnace is 
m air = (AF)m coal = (12 kg air/kg fuel)(33.48 kg/s) = 401 .8 kg/s 
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Refrigerators and Heat Pumps 


6-12 


6-29C The difference between the two devices is one of purpose. The purpose of a refrigerator is to remove heat from a 
cold medium whereas the purpose of a heat pump is to supply heat to a warm medium. 


6-30C The difference between the two devices is one of purpose. The purpose of a refrigerator is to remove heat from a 
refrigerated space whereas the purpose of an air-conditioner is remove heat from a living space. 


6-31C No. Because the refrigerator consumes work to accomplish this task. 


6-32C No. Because the heat pump consumes work to accomplish this task. 


6-33C The coefficient of performance of a refrigerator represents the amount of heat removed from the refrigerated space 
for each unit of work supplied. It can be greater than unity. 


6-34C The coefficient of performance of a heat pump represents the amount of heat supplied to the heated space for each 
unit of work supplied. It can be greater than unity. 


6-35C No. The heat pump captures energy from a cold medium and carries it to a warm medium. It does not create it. 


6-36C No. The refrigerator captures energy from a cold medium and carries it to a warm medium. It does not create it. 


6-37C No device can transfer heat from a cold medium to a warm medium without requiring a heat or work input from the 
surroundings. 


6-38C The violation of one statement leads to the violation of the other one, as shown in Sec. 6-4, and thus we conclude 
that the two statements are equivalent. 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



6-13 


6-39E The COP and the power input of a residential heat pump are given. The rate of heating effect is to be determined. 


Assumptions The heat pump operates steadily. 

Analysis Applying the definition of the heat pump coefficient of performance 
to this heat pump gives 

Q h = COP HP ^ net4n = (2.4)(5 hp)f 2544 - 5 Btll/h l = 30,530 Btu/h 

l lhp J 



6-40 The cooling effect and the rate of heat rejection of an air conditioner are given. The COP is to be determined. 


Assumptions The air conditioner operates steadily. 
Analysis Applying the first law to the air conditioner gives 

W w ^=Qh ~Ql =2.5 — 2 = 0.5 kW 

Applying the definition of the coefficient of performance, 


COP R 


Ql 


2.0 kW „ 

= 4 

0.5 kW 



6-41 The power input and the COP of a refrigerator are given. The cooling effect of the refrigerator is to be determined. 


Assumptions The refrigerator operates steadily. 

Analysis Rearranging the definition of the refrigerator coefficient of 
performance and applying the result to this refrigerator gives 

Ql = COP R ff neUn = (1.4X3 kW) = 4.2 kW 
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6-42 A refrigerator is used to keep a food department at a specified temperature. The heat gain to the food department and 
the heat rejection in the condenser are given. The power input and the COP are to be determined. 


Assumptions The refrigerator operates steadily. 
Analysis The power input is determined from 


W [n =Qh~Ql 

= 4800 -3300 = 1500 kJ/h 


= (1500 kJ/h) 


lkW 
3600 kJ/h 


= 0.41 7 kW 


The COP is 

POP _ Ql 3300 kJ/h _ o o 
W m 1500 kJ/h 



6-43 The COP and the refrigeration rate of a refrigerator are given. The power consumption and the rate of heat rejection 
are to be determined. 


Assumptions The refrigerator operates steadily. 

Analysis {a) Using the definition of the coefficient of performance, the power 
input to the refrigerator is determined to be 


(^^Kitchen airj^) 


COP=1.2 


W, 


Q 


L 


60 kJ/min 


net, in 


COP R 1.2 


= 50 kJ/min = 0.83 kW 


( b ) The heat transfer rate to the kitchen air is determined from the energy balance, 
Qi, = Ql + w nam = 60 + 50 = 110 kJ/min 



6-44E The heat absorption, the heat rejection, and the power input of a commercial heat pump are given. The COP of the 
heat pump is to be determined. 


Assumptions The heat pump operates steadily. 

Analysis Applying the definition of the heat pump coefficient of 
performance to this heat pump gives 


COP HP - 


0 


H 


15,090 Btu/h 


W, 


net, in 


2 hp 


lhp 


2544.5 Btu/h 


2.97 


(^^Reservo^^) 
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6-45 The cooling effect and the COP of a refrigerator are given. The power input to the refrigerator is to be determined. 


Assumptions The refrigerator operates steadily. 

Analysis Rearranging the definition of the refrigerator coefficient of 
performance and applying the result to this refrigerator gives 



Ql _ 25,000 kj/h r ih © 434kW 
COP R 1.60 v3600s J 



6-46 The COP and the power consumption of a refrigerator are given. The time it will take to cool 5 watermelons is to be 
determined. 


Assumptions 1 The refrigerator operates steadily. 2 The heat gain of the refrigerator through its walls, door, etc. is 
negligible. 3 The watermelons are the only items in the refrigerator to be cooled. 

Properties The specific heat of watermelons is given to be c = 4.2 kJ/kg.°C. 

Analysis The total amount of heat that needs to be removed from the watermelons is 


Ql = Mr) waterme i om = 5 x (10 kg)(4.2 kJ/kg • °CX20 - 8)°C = 2520 kJ 
The rate at which this refrigerator removes heat is 

Q l = (COP R fP nct>m )= (2.5X0.45 kW)= 1.125 kW 


That is, this refrigerator can remove 1.125 kJ of heat per second. Thus the time 
required to remove 2520 kJ of heat is 




2520 kJ 
1.125 kJ/s 


= 2240 s = 37.3 min 



This answer is optimistic since the refrigerated space will gain some heat during this process from the surrounding air, 
which will increase the work load. Thus, in reality, it will take longer to cool the watermelons. 
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6-47 An air conditioner with a known COP cools a house to desired temperature in 15 min. The power consumption 
of the air conditioner is to be determined. 


Assumptions 1 The air conditioner operates steadily. 2 The house is well-sealed so that no air leaks in or out during 
cooling. 3 Air is an ideal gas with constant specific heats at room temperature. 


Properties The constant volume specific heat of air is given to be c„ = 0.72 kJ/kg.°C. 


Analysis Since the house is well-sealed (constant volume), the total amount of heat that needs to be removed from the 
house is 


Q l = (mc v AT ) Huuse = (800 kg)(0.72 kJ/kg • °CX35 - 20)°C = 8640 kJ 

This heat is removed in 30 minutes. Thus the average rate of heat removal 
from the house is 



Ql 

At 


8640 kJ 
30 x 60 s 


= 4.8 kW 


Using the definition of the coefficient of performance, the power input to the air- 
conditioner is determined to be 


W, 


net, in 


Ql 

COP R 


4.8 kW 
2.8 


1 .71 kW 
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6-48 Problem 6-47 is reconsidered. The rate of power drawn by the air conditioner required to cool the house as a 

function for air conditioner EER ratings in the range 5 to 15 is to be investigated. Representative costs of air conditioning 
units in the EER rating range are to be included. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Since it is well sealed, we treat the house as a closed system (constant volume) 
to determine the rate of heat transfer required to cool the house. Apply the first law, 
closed system on a rate basis to the house." 

"Input Data" 

T_1 =35 [C] 

T_2=20 [C] 

c_v = 0.72 [kJ/kg-C] 

m_house=800 [kg] 

DELTAtime=30 [min] 

“EER=5” 

COP=EER/3.41 2 

"Assuming no work done on the house and no heat energy added to the house 
in the time period with no change in KE and PE, the first law applied to the house is:" 
E_dot_in - E_dot_out = DELTAE_dot 
E_dot_in = 0 
E_dot_out = Q_dot_L 

DELTAE_dot = m_house*DELTAu_house/DELTAtime 
DELTAu_house = c_v*(T_2-T_1 ) 

"Using the definition of the coefficient of performance of the A/C:" 

W_dot_in = Q_dot_L/COP "kJ/min"*convert('kJ/min','kW') "kW" 

Q_dot_H= W_dot_in*convert('KW','kJ/min') + Q_dot_L "kJ/min" 


EER 

W in 

[kW] 

5 

3.276 

6 

2.73 

7 

2.34 

8 

2.047 

9 

1.82 

10 

1.638 

11 

1.489 

12 

1.365 

13 

1.26 

14 

1.17 

15 

1.092 
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6-49 A refrigerator is used to cool bananas to a specified temperature. The power input is given. The rate of cooling and 
the COP are to be determined. 

Assumptions The refrigerator operates steadily. 

Properties The specific heat of banana is 3.35 kJ/kg- °C. 

Analysis The rate of cooling is determined from 

Q l = mc p (T x -T 2 ) = (215 / 60 kg/min)(3.35 kJ/kg • °C)(24 - 13) °C = 132 kJ/min 
The COP is 

COP = 4^ ( 132/6 °) kW = 1.57 

W m 1.4 kW 


6-50 A refrigerator is used to cool water to a specified temperature. The power input is given. The flow rate of water and 
the COP of the refrigerator are to be determined. 

Assumptions The refrigerator operates steadily. 

Properties The specific heat of water is 4.18 kJ/kg- °C and its density is 1 kg/L. 

Analysis The rate of cooling is determined from 

Q l =Q h -w m = (570/ 60) kW- 2.65 kW = 6.85 kW 
The mass flow rate of water is 


Ql =wic p (7j -T 2 ) 


->m 


Ql 


6.85 kW 


c p (T x -T 2 ) (4.18 kJ/kg • °C)(23 - 5) °C 


= 0.09 104 kg/s 


The volume flow rate is 


y _ 0-09104 kg/s 


P 


1 kg/L 


60s 
1 min 


= 5.46 L/min 


The COP is 


COP = ^ = ^^ = 2.58 
W in 2.65 kW 
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6-51 The rate of heat loss, the rate of internal heat gain, and the COP of a heat pump are given. The power input to the heat 
pump is to be determined. 


Assumptions The heat pump operates steadily. 

Analysis The heating load of this heat pump system is the difference between the heat 
lost to the outdoors and the heat generated in the house from the people, lights, and 
appliances, 

Q h = 60,000 - 4,000 = 56,000 kJ / h 


Using the definition of COP, the power input to the heat pump is determined to be 


W r 


Q 


H 


net, in 


COP, 


HP 


56,000 kJ/h 
2.5 


( 




lkW 

3600 kJ/h y 


6.22 kW 



6-52E The COP and the refrigeration rate of an ice machine are given. The power consumption is to be determined. 
Assumptions The ice machine operates steadily. 

Analysis The cooling load of this ice machine is 

Q l = mq L = (28 lbm/h)(l69 Btu/lbm) = 4732 Btu/h 


Outdoors 


COP = 2.4 


Using the definition of the coefficient of performance, the power input 
to the ice machine system is determined to be 



R 


W r 


net, in 


Ql 

COP 


R 


4732 Btu/h 
2.4 


Q, 


( lhp ^ 


water : 

Ice 

= 0.775 hp 

55°F 

Machine 

1 2545 Btu/h J 


ice 


25°F 


6-53E An office that is being cooled adequately by a 12,000 Btu/h window air-conditioner is converted to a computer 
room. The number of additional air-conditioners that need to be installed is to be determined. 


Assumptions 1 The computers are operated by 7 adult men. 2 The computers consume 40 percent of their rated power at 
any given time. 

Properties The average rate of heat generation from a person seated in a room/office is 100 W (given). 


Analysis The amount of heat dissipated by the computers is equal to the 
amount of electrical energy they consume. Therefore, 

(^computers = (Rated power) x (Usage factor) = (8.4 kW)(0.4) = 3.36 kW 

^people = (No- of people) X 0 person = 7 X (100 W) = 700 W 

Q total = ^computers + people = 3360 + 700 = 4060 W = 13,853 Btu/h 

since 1 W = 3.412 Btu/h. Then noting that each available air conditioner provides 
7000 Btu/h cooling, the number of air-conditioners needed becomes 

XT . . j. . Cooling load 13,853 Btu/h 

No. of air conditioners = = 

Cooling capacity of A/C 7000 Btu/h 

= 1.98 « 2 Air conditioners 



Computer 

room 
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6-54 A decision is to be made between a cheaper but inefficient air-conditioner and an expensive but efficient air- 
conditioner for a building. The better buy is to be determined. 

Assumptions The two air conditioners are comparable in all aspects other than the initial cost and the efficiency. 

Analysis The unit that will cost less during its lifetime is a better buy. The total cost of a system during its lifetime (the 
initial, operation, maintenance, etc.) can be determined by performing a life cycle cost analysis. A simpler alternative is to 
determine the simple payback period. The energy and cost savings of the more efficient air conditioner in this case is 

Energy savings = (Annual energy usage of A) - (Annual energy usage of B) 

= (Annual cooling load)(l / COP A - 1 / COP B ) 

= (120,000 kWh/year)(l/3.2 -1/5.0) 

= 13,500 kWh/year 

Cost savings = (Energy savings)(Unit cost of energy) 

= (13,500 kWh/year)($0. 10/kWh) = $1350/year 

The installation cost difference between the two air-conditioners is 

Cost difference = Cost of B - cost of A = 7000 - 5500 = $1500 

Therefore, the more efficient air-conditioner B will pay for the $1500 
cost differential in this case in about 1 year. 

Discussion A cost conscious consumer will have no difficulty in deciding that the more expensive but more efficient air- 
conditioner B is clearly the better buy in this case since air conditioners last at least 15 years. But the decision would not be 
so easy if the unit cost of electricity at that location was much less than $0. 10/kWh, or if the annual air-conditioning load of 
the house was much less than 120,000 kWh. 


Air Cond. A 
COP = 3.2 


Air Cond. B 
COP = 5.0 


6-55 A house is heated by resistance heaters, and the amount of electricity consumed during a winter month is given. The 
amount of money that would be saved if this house were heated by a heat pump with a known COP is to be determined. 

Assumptions The heat pump operates steadily. 

Analysis The amount of heat the resistance heaters supply to the house is equal to he amount of electricity they consume. 
Therefore, to achieve the same heating effect, the house must be supplied with 1200 kWh of energy. A heat pump that 
supplied this much heat will consume electrical power in the amount of 


W, 


net, in 


Qh 

COP 


HP 


1200 kWh 
2.4 


= 500 kWh 


which represent a savings of 1200 - 500 = 700 kWh. Thus the homeowner would have saved 
(700 kWh)(0.085 $/kWh) = $59.50 
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6-56 Refrigerant- 13 4a flows through the condenser of a residential heat pump unit. For a given compressor power 
consumption the COP of the heat pump and the rate of heat absorbed from the outside air are to be determined. 


Assumptions 1 The heat pump operates steadily. 2 The 
kinetic and potential energy changes are zero. 

Properties The enthalpies of R- 134a at the condenser 
inlet and exit are 


P x = 800 kPa 
T x = 35°C 


\h x = 271.22 kJ/kg 


P 2 = 800 kPa 

x 2 =0 



= 95.47 kJ/kg 


800 kPa 

x=0 


x 


Qu 


Condenser 


X 


Expansion 

valve 


Compressor 


Analysis ( a ) An energy balance on the condenser gives 
the heat rejected in the condenser 


Q h = m(h x - h 2 ) = (0.0 1 8 kg/s)(27 1 .22 - 95 .47) kJ/kg = 3. 1 64 kW 


Evaporator 


Ql 


800 kPa 
35°C 


W 

rr in 



The COP of the heat pump is 


cop = Qp~ 

W: n 


3.164 kW 
1.2 kW 


(b) The rate of heat absorbed from the outside air 
Ql =Qh~W in = 3.164-1.2 = 1.96 kW 


6-57 A commercial refrigerator with R-134a as the working fluid is considered. The evaporator inlet and exit states are 
specified. The mass flow rate of the refrigerant and the rate of heat rejected are to be determined. 


Assumptions 1 The refrigerator operates steadily. 2 The kinetic and 
potential energy changes are zero. 

Properties The properties of R- 134a at the evaporator 
inlet and exit states are (Tables A-l 1 through A- 13) 


P x = lOOkPa 
x x = 0.2 
P 2 = lOOkPa 
T \ = -26°C 


\h x =60.71 kJ/kg 


h 2 = 234.74 kJ/kg 


Analysis ( a ) The refrigeration load is 

q l - (COP)fE in = (1 .2)(0.600 kW) = 0.72 kW 
The mass flow rate of the refrigerant is determined from 
Q l 0.72 kW 



x 


Qh 


Condenser 


Expansion 

valve 


Compressor 


100 kPa 
x=0.2 


Evaporator 


Qi 


m r = 


h 2 -h x (234.74 -60.71) kJ/kg 


0.00414 kg/s 


W, 


in 


100 kPa 
-26°C 


(b) The rate of heat rejected from the refrigerator is 
Q h =Q l + W m = 0.72 + 0.60 = 1 .32 kW 
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Perpetual-Motion Machines 
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6-58C This device creates energy, and thus it is a PMM 1 . 


6-59C This device creates energy, and thus it is a PMM1. 
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Reversible and Irreversible Processes 


6-60C Adiabatic stirring processes are irreversible because the energy stored within the system can not be spontaneously 
released in a manor to cause the mass of the system to turn the paddle wheel in the opposite direction to do work on the 
surroundings. 


6-61 C The chemical reactions of combustion processes of a natural gas and air mixture will generate carbon dioxide, water, 
and other compounds and will release heat energy to a lower temperature surroundings. It is unlikely that the surroundings 
will return this energy to the reacting system and the products of combustion react spontaneously to reproduce the natural 
gas and air mixture. 


6-62C No. Because it involves heat transfer through a finite temperature difference. 


6-63C This process is irreversible. As the block slides down the plane, two things happen, (a) the potential energy of the 
block decreases, and (b) the block and plane warm up because of the friction between them. The potential energy that has 
been released can be stored in some form in the surroundings (e.g., perhaps in a spring). When we restore the system to its 
original condition, we must (a) restore the potential energy by lifting the block back to its original elevation, and (b) cool 
the block and plane back to their original temperatures. 

The potential energy may be restored by returning the energy that was stored during the original process as the 
block decreased its elevation and released potential energy. The portion of the surroundings in which this energy had been 
stored would then return to its original condition as the elevation of the block is restored to its original condition. 

In order to cool the block and plane to their original temperatures, we have to remove heat from the block and 
plane. When this heat is transferred to the surroundings, something in the surroundings has to change its state (e.g., perhaps 
we warm up some water in the surroundings). This change in the surroundings is permanent and cannot be undone. Hence, 
the original process is irreversible. 


6-64C Because reversible processes can be approached in reality, and they form the limiting cases. Work producing 
devices that operate on reversible processes deliver the most work, and work consuming devices that operate on reversible 
processes consume the least work. 


6-65C When the compression process is non-quasi equilibrium, the molecules before the piston face cannot escape fast 
enough, forming a high pressure region in front of the piston. It takes more work to move the piston against this high 
pressure region. 


6-66C When an expansion process is non-quasiequilibrium, the molecules before the piston face cannot follow the piston 
fast enough, forming a low pressure region behind the piston. The lower pressure that pushes the piston produces less 
work. 
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6-67C The irreversibilities that occur within the system boundaries are internal irreversibilities; those which occur outside 
the system boundaries are external irreversibilities. 


6-68C A reversible expansion or compression process cannot involve unrestrained expansion or sudden compression, and 
thus it is quasi-equilibrium. A quasi-equilibrium expansion or compression process, on the other hand, may involve 
external irreversibilities (such as heat transfer through a finite temperature difference), and thus is not necessarily 
reversible. 
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The Carnot Cycle and Carnot's Principle 
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6-69C The four processes that make up the Carnot cycle are isothermal expansion, reversible adiabatic expansion, 
isothermal compression, and reversible adiabatic compression. 


6-70C They are (1) the thermal efficiency of an irreversible heat engine is lower than the efficiency of a reversible heat 
engine operating between the same two reservoirs, and (2) the thermal efficiency of all the reversible heat engines operating 
between the same two reservoirs are equal. 


6-71 C False. The second Carnot principle states that no heat engine cycle can have a higher thermal efficiency than the 
Carnot cycle operating between the same temperature limits. 


6-72C Yes. The second Carnot principle states that all reversible heat engine cycles operating between the same 
temperature limits have the same thermal efficiency. 


6-73C (a) No, (b) No. They would violate the Carnot principle. 
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Carnot Heat Engines 
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6-74C No. 


6-75C The one that has a source temperature of 600°C. This is true because the higher the temperature at which heat is 
supplied to the working fluid of a heat engine, the higher the thermal efficiency. 


6-76E The source and sink temperatures of a heat engine are given. The maximum work per unit heat input to the engine is 


to be determined. 


Assumptions The heat engine operates steadily. 

Analysis The maximum work per unit of heat that the engine can remove from 
the source is the Carnot efficiency, which is determined from 




7th ,max 


T l _ 1 510 R 

T h 1260 R 


0.595 



6-77 Two pairs of thermal energy reservoirs are to be compared from a work-production perspective. 
Assumptions The heat engine operates steadily. 

Analysis For the maximum production of work, a heat engine operating between the energy 
reservoirs would have to be completely reversible. Then, for the first pair of reservoirs 

, T l i 325 K 

7th,max “I T “I _ ^-519 

1 6 7 5 JC 

For the second pair of reservoirs, 

/; =1-T^ = 1_ 275K =0.560 

/ th,max rr /r, CT/ 

1 yy 625 JC 

The second pair is then capable of producing more work for each unit of heat extracted from the hot reservoir. 
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6-78 The source and sink temperatures of a heat engine and the rate of heat supply are given. The maximum possible 
power output of this engine is to be determined. 

Assumptions The heat engine operates steadily. 

Analysis The highest thermal efficiency a heat engine operating between two specified temperature limits can have is the 
Carnot efficiency, which is determined from 


7th, max - 7th, C “ 1 


Tr 


T 


= 1 - 


298 K 


H 


(477 + 273) K 


= 0.600 or 60.0% 


Then the maximum power output of this heat engine is determined 
from the definition of thermal efficiency to be 

ff netout = 7th Qh = (0.600)(65,000 kJ/min) = 39,000 kJ/min = 653 kW 
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6-79 Problem 6-78 is reconsidered. The effects of the temperatures of the heat source and the heat sink on the power 

produced and the cycle thermal efficiency as the source temperature varies from 300°C to 1000°C and the sink temperature 
varies from 0°C to 50°C are to be studied. The power produced and the cycle efficiency against the source temperature for 
sink temperatures of 0°C, 25°C, and 50°C are to be plotted. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


TH = 477 [C] 

T_L =25 [C] 

Q_dot_H = 65000 [kJ/min] 

"First Law applied to the heat engine" 

Q_dot_H - Q_dot_L- W_dot_net = 0 
W_dot_n et_K W = W_dot_n et*convert(kJ/min, k W) 

"Cycle Thermal Efficiency - Temperatures must be absolute" 
eta_th = 1 - (T_L + 273)/(T_H + 273) 

"Definition of cycle efficiency" 
eta th=W dot net / Q dot H 



Th [C] 


Th 

[Cl 

W netkW 

[kW] 

11th 

300 

567.2 

0.5236 

400 

643.9 

0.5944 

500 

700.7 

0.6468 

600 

744.6 

0.6873 

700 

779.4 

0.7194 

800 

807.7 

0.7456 

900 

831.2 

0.7673 

1000 

851 

0.7855 


Values for T L = 0°C 



Th [C] 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


6-29 


6-80E The sink temperature of a Carnot heat engine, the rate of heat rejection, and the thermal efficiency are given. 
The power output of the engine and the source temperature are to be determined. 

Assumptions The Carnot heat engine operates steadily. 

Analysis (a) The rate of heat input to this heat engine is determined from the definition of thermal efficiency, 


7 th =1 


a 


■» 0.75 = 1 


800 Btu/min 


> Q h = 3200 Btu/min 


Qh Qh 

Then the power output of this heat engine can be determined from 

^net.out = 77th Qh = (0.75)(3200 Btu/min) = 2400 Btu/min = 56.6 hp 


( b ) For reversible cyclic devices we have 


{ Qh ' 


( T \ 

1 H 

k Ql j 

rev 

IlJ 


Thus the temperature of the source T H must be 


T h = 


' Qh 
\Ql j 


T l = 


r 3200 Btu/min x 
800 Btu/min 


(520 R) = 2080 R 


rev 



6-81E The claim of an inventor about the operation of a heat engine is to be evaluated. 
Assumptions The heat engine operates steadily. 

Analysis If this engine were completely reversible, the thermal efficiency would be 


77th, 


max 


= 1 


T 


L 


T 


= 1 


H 


550 R 
1000 R 


= 0.45 


When the first law is applied to the engine above, 


Q H =K et +Q L =(5hp) 


2544.5 Btu/h 
1 hp 


A 


+ 1 5,000 Btu/h = 27,720 Btu/h 


The actual thermal efficiency of the proposed heat engine is then 


W, 


77th = 


net 


5 hp 


Q h 27,720 Btu/h 


2544.5 Btu/h 
1 hp 


\ 


= 0.459 



5 hp 


Since the thermal efficiency of the proposed heat engine is greater than that of a completely reversible heat engine which 
uses the same isothermal energy reservoirs, the inventor’s claim is invalid. 
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6-82 The work output and thermal efficiency of a Carnot heat engine are given. The heat supplied to the heat engine, the 
heat rejected and the temperature of heat sink are to be determined. 


Assumptions 1 The heat engine operates steadily. 2 Heat losses from the 
working fluid at the pipes and other components are negligible. 

Analysis Applying the definition of the thermal efficiency and an energy 
balance to the heat engine, the unknown values are determined as follows: 




MM = 1250 kJ 

0.4 


2L=e//-^net=1250-500 = 750kJ 


<Cj200°C 

+ 

Qh J 

r 

77* = 40% 

(he}- 

*• 500 kJ 

& , 

r 


(^sink^ 

> 


7th ,max 


l--± >0.40 = 1 >27 = 883.8 K = 61 1 °C 

T h (1200 + 273) K 


6-83 The work output and heat rejection of a a Carnot heat engine are given. The heat supplied to the heat engine and the 
source temperature are to be determined. 


Assumptions 1 The heat engine operates steadily. 2 Heat losses from the 
working fluid at the pipes and other components are negligible. 

Analysis Applying the definition of the thermal efficiency and an energy 
balance to the heat engine, the unknown values are determined as follows: 

q h =q l + W nQt =150 + 900 = 1 050 kJ 


7 th = 



- 2 ^ = 0.857 
1050 kJ 



7th, 


max 


= 1 - 


Tr 


T 


+ 0.857 = 1 - 


(27 + 273) K 


H 


T 


>T h = 2100K = 1827°C 


H 


6-84 The thermal efficiency and waste heat rejection of a Carnot heat engine are given. The power output and the 
temperature of the source are to be determined. 

Assumptions 1 The heat engine operates steadily. 2 Heat losses from the 
working fluid at the pipes and other components are negligible. 

Analysis Applying the definition of the thermal efficiency and an energy 
balance to the heat engine, the power output and the source temperature are 
determined as follows: 

77th = 1-A >0.75 = 1- > 0 H =56 kW 

Qh Qh 

+et = ^7,h Qh = (0.75)(56 kW) = 42 kW 

77 th =1-T >0.75 = 1- (15 + 2?3)k >T h =1152K = 879°C 

Th T h 


C^^Source 



7+ = 75% 


► W, 


net 
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6-85 A geothermal power plant uses geothermal liquid water at 150°C at a specified rate as the heat source. The actual and 
maximum possible thermal efficiencies and the rate of heat rejected from this power plant are to be determined. 

Assumptions 1 The power plant operates steadily. 2 The kinetic and potential energy changes are zero. 3 Steam properties 
are used for geothermal water. 

Properties Using saturated liquid properties, (Table A-4) 


Wi = 150 ° c 

x — 0 

source w 

T _ Qf)op 

1 source, 2 

X — 0 

source 


/ W = 632.18 kj/kg 


Source = 377 - 04 kJ/kg 


Link - 25°C 
*sink = 0 J 


/? sink =104.83 kJ/kg 


Analysis ( a ) The rate of heat input to the plant is 

Sin =^geo(^geo,i " Vo, 2 ) = ( 21 0 kg/s)(632. 1 8 - 377.04) kJ/kg = 53,580 kW 


The actual thermal efficiency is 


*7th = 


Qi n 


8000 kW 
53,580 kW 


= 0.1493 =14.9% 


( b ) The maximum thermal efficiency is the thermal efficiency of a reversible heat engine operating between the source and 
sink temperatures 


n th, 


max 


= 1 


T, 


T 


= 1 


H 


(25 + 273) K 
(150 + 273) K 


- 0.2955 = 29.6% 


(c) Finally, the rate of heat rejection is 

0OU, = &„ - Ke t,out = 53,580-8000 = 45,580 kW 


6-86 The claim that the efficiency of a completely reversible heat engine can be doubled by doubling the temperature of the 
energy source is to be evaluated. 

Assumptions The heat engine operates steadily. 

Analysis The upper limit for the thermal efficiency of any heat engine occurs when a completely reversible engine operates 
between the same energy reservoirs. The thermal efficiency of this completely reversible engine is given by 


^7 th,rev 1 


T 


L 


T h ~T l 


T 


H 


T 


H 


If we were to double the absolute temperature of the high temperature 
energy reservoir, the new thermal efficiency would be 


7 th,rev 1 


T 


L 


2 7 \ 


2 T h -T l ^ 2 T h -T l 


IT, 


T, 



net 


H ^ H * H 

The thermal efficiency is then not doubled as the temperature of the high temperature reservoir is doubled. 
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Carnot Refrigerators and Heat Pumps 
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6-87C By increasing T L or by decreasing T H . 


6-88C The difference between the temperature limits is typically much higher for a refrigerator than it is for an air 
conditioner. The smaller the difference between the temperature limits a refrigerator operates on, the higher is the COP. 
Therefore, an air-conditioner should have a higher COP. 


6-89C The deep freezer should have a lower COP since it operates at a much lower temperature, and in a given 
environment, the COP decreases with decreasing refrigeration temperature. 


6-90C No. At best (when everything is reversible), the increase in the work produced will be equal to the work consumed 
by the refrigerator. In reality, the work consumed by the refrigerator will always be greater than the additional work 
produced, resulting in a decrease in the thermal efficiency of the power plant. 


6-91 C No. At best (when everything is reversible), the increase in the work produced will be equal to the work consumed 
by the refrigerator. In reality, the work consumed by the refrigerator will always be greater than the additional work 
produced, resulting in a decrease in the thermal efficiency of the power plant. 


6-92C Bad idea. At best (when everything is reversible), the increase in the work produced will be equal to the work 
consumed by the heat pump. In reality, the work consumed by the heat pump will always be greater than the additional 
work produced, resulting in a decrease in the thermal efficiency of the power plant. 


6-93 The minimum work per unit of heat transfer from the low-temperature source for a refrigerator is to be determined. 


Assumptions The refrigerator operates steadily. 
Analysis Application of the first law gives 

^net,in _ Qh ~ Ql _ Qfl _ j 
Ql ~ Ql ~ Ql 


For the minimum work input, this refrigerator would be completely reversible and 
the thermodynamic definition of temperature would reduce the preceding 
expression to 


W T 

r net, in _ 1 H j 


303 K 
273 K 


1 = 0.110 
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6-94 The validity of a claim by an inventor related to the operation of a heat pump is to be evaluated. 
Assumptions The heat pump operates steadily. 

Analysis Applying the definition of the heat pump coefficient of performance, 


COP HP = - 


Q h 200 kW 


Kcun 75 kW 


= 2.67 


The maximum COP of a heat pump operating between the same temperature 
limits is 


COP 


1 


1 


HP, max 


= 14.7 


1 ~T l /T h 1 -(273 K)/(293 K) 

Since the actual COP is less than the maximum COP, the claim is valid. 


293 


Q 


H 



HPH 


a 


75 



273 K 



6-95 The power input and the COP of a Carnot heat pump are given. The temperature of the low-temperature reservoir and 
the heating load are to be determined. 


Assumptions The heat pump operates steadily. 

Analysis The temperature of the low-temperature reservoir is 


COP, 


T 


H 


HP, max 


t h -t l 


■>8.7 = 


299 K 


(299 -T l )K 


=264.6 K 


The heating load is 


COP, 


HP, max 


OjL > 8.7 = Qh 

W,„ 4.25 kW 


■> Q h = 37.0 kW 


in 


<^^ 26 °C^> 



6-96 The refrigerated space and the environment temperatures for a refrigerator and the rate of heat removal from the 
refrigerated space are given. The minimum power input required is to be determined. 

Assumptions The refrigerator operates steadily. 


Analysis The power input to a refrigerator will be a minimum when the refrigerator operates in a reversible manner. The 
coefficient of performance of a reversible refrigerator depends on the temperature limits in the cycle only, and is 
determined from 


COP 


1 


1 


R,rev 


(T h / T l ) ■ - 1 (25 + 273 K)/(- 8 + 273 K) - 1 


= 8.03 


The power input to this refrigerator is determined from the definition of 
the coefficient of performance of a refrigerator, 


W t 


Ql 


net, in, min 


cop 


R,max 


300 kJ/min 
8.03 


= 37.36 kJ/min = 0.623 kW 





300 kJ/min 
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6-97 An inventor claims to have developed a refrigerator. The inventor reports temperature and COP measurements. The 
claim is to be evaluated. 

Analysis The highest coefficient of performance a refrigerator can have when 
removing heat from a cool medium at -12°C to a warmer medium at 25°C is 


C0P R,max C0P R,rev ( 2 5 + 273 K)/(- 12 + 273 K) - 1 


-7.1 


The COP claimed by the inventor is 6.5, which is below this maximum value, thus 
the claim is reasonable. However, it is not probable. 



COP= 6.5 


6-98E An air-conditioning system maintains a house at a specified temperature. The rate of heat gain of the house and the 
rate of internal heat generation are given. The maximum power input required is to be determined. 

Assumptions The air-conditioner operates steadily. 

Analysis The power input to an air-conditioning system will be a minimum when the air-conditioner operates in a reversible 
manner. The coefficient of performance of a reversible air-conditioner (or refrigerator) depends on the temperature limits 
in the cycle only, and is determined from 


pop — — — i 

R ' rev {t h /T l )-1 (l00 + 460R)/(70 + 460R)-l 

The cooling load of this air-conditioning system is the sum of the heat 
gain from the outside and the heat generated within the house, 

Q l -800 + 100 = 900 Btu/min 

The power input to this refrigerator is determined from the definition 
of the coefficient of performance of a refrigerator, 


800 kJ/min 





W, 


net, in, min 


Q 


L 


COP 


R,max 


900 Btu/min 
17.67 


= 50.93 Btu/min -1.20 
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6-99 A heat pump maintains a house at a specified temperature. The rate of heat loss of the house and the power 
consumption of the heat pump are given. It is to be determined if this heat pump can do the job. 

Assumptions The heat pump operates steadily. 

Analysis The power input to a heat pump will be a minimum when the heat pump operates in a reversible manner. The 
coefficient of performance of a reversible heat pump depends on the temperature limits in the cycle only, and is determined 
from 


COP 


HP, rev 


\-(T l !T h ) 1 - (2 + 273 K)/(22 + 273 K) 


= 14.75 


The required power input to this reversible heat pump is determined from the 
definition of the coefficient of performance to be 


W r 


Q 


H 


net, in, min 


COP 


HP 


110,000 kJ/h 
14.75 


lh 

3600 s 


= 2.07 kW 


This heat pump is powerful enough since 5 kW >2.07 kW. 



6-100E The power required by a reversible refrigerator with specified reservoir temperatures is to be determined. 
Assumptions The refrigerator operates steadily. 

Analysis The COP of this reversible refrigerator is 


C^540 R/^> 


COP 


Tr 


450 R 


R,max 


t h -t l 


= 5 


540 R- 450 R 

Using this result in the coefficient of performance expression yields 


0 


w, 


net, in 


15,000 Btu/h t 


W, 


Ql 


15,000 Btu/h 


net, in 


COP 


R,max 


lkW 


3412.14 Btu/h 


- 0.879 kW 


CT450R 


6-101 The power input and heat rejection of a reversed Carnot cycle are given. The cooling load and the source 
temperature are to be determined. 


Assumptions The refrigerator operates steadily. 

Analysis Applying the definition of the refrigerator coefficient of performance, 
Ql=Qh- K et ,in = 2000 - 200 = 1 800 kW 
Applying the definition of the heat pump coefficient of performance, 


cop r = 


Q l 1800 kW 


^ne,,in 200 kW 


= 9 


The temperature of the heat source is determined from 


COP 


T 


L 


R,max 


T h ~T l 


>9 = 


T, 


300 -T, 


■» T, = 270 K = -3°C 


300 K^> 


Q 


H 


2000 kW 






200 kW 



T, 
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'1.0551th ,,„ r /3600kJ/h N 

+ (3.4 kW) 


lBtii 


lkW 


COP = — = 


(1 8,000 Btu/h) 


3412 Btu/h 


W ; 


in 


3.4 kW 


-1.552 


33°C 


6-102 The power input and the cooling load of an air conditioner are given. The rate of heat rejected in the condenser, the 
COP, and the rate of cooling for a reversible operation are to be determined. 

Assumptions The air conditioner operates steadily. 

Analysis (a) The rate of heat rejected is 

Qh = Ql + W in 

-(18,000 Btu/h) 

- 31 ,230 kJ/h 

(b) The COP is 

lkW 


Qh 



AC> < — 3.4 kW 


Ql 


18,000 Btu/h 



22°C 



(c) The rate of cooling if the air conditioner operated as a Carnot refrigerator for the same power input is 


COP rev = 


T, 


295 K 


T h - T, (33 - 22) K 


= 26.82 


Ql, 


max = COP rev lf In , mln = (26.82) 


(3.4 kW) 


3412 Btu/h 
lkW 


= 311,130 Btu/h 


6-103 The rate of heat removal and the source and sink temperatures are given for a Carnot refrigerator. The COP of the 
refrigerator and the power input are to be determined. 


Assumptions The refrigerator operates steadily. 

Analysis The COP of the Carnot refrigerator is determined from 


COP, 


T, 


288 K 


R,max 


Th-T l (36-15) K 


-13.71 


The power input is 


COP, 


Ql 


R,max 


W; 


+ 13.71 = 


16,000 kJ/h 


in 


W: 


> W;„ - 1 167 kJ/h - 0.324 kW 


in 


in 



The rate of heat rejected is 

q h =q l + JV net . n = 16,000 kJ/h + 1167 kJ/h - 1 7,1 67 kJ/h 
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6-104 A heat pump maintains a house at a specified temperature in winter. The maximum COPs of the heat pump for 
different outdoor temperatures are to be determined. 

Analysis The coefficient of performance of a heat pump will be a maximum when the heat pump operates in a reversible 
manner. The coefficient of performance of a reversible heat pump depends on the temperature limits in the cycle only, and 
is determined for all three cases above to be 


COP 


1 


HP, rev 


COP 


HP, rev 


COP 


HP, rev 


1 ~{TlIT h ) 
1 

i-fo/r*) 

l 

1 ~{t l /t h ) 


1 

l-(l0 + 273K)/(20 + 273K)~ 
1 

l-(-5 + 273K)/(20 + 273K)~ 
1 

l-(-30 + 273K)/(20 + 273K) 


29.3 
= 11.7 
= 5.86 


CTT >o°c 



6-105E A heat pump maintains a house at a specified temperature. The rate of heat loss of the house is given. The minimum 
power inputs required for different source temperatures are to be determined. 

Assumptions The heat pump operates steadily. 

Analysis ( a ) The power input to a heat pump will be a minimum when the heat pump operates in a reversible manner. If 
the outdoor air at 25°F is used as the heat source, the COP of the heat pump and the required power input are determined to 
be 


COP 


HP, max COP HPrev ^-{T /j* ^ 

1 

" l-(25 + 460R)/(78 + 460R) 


= 10.15 


and 


W. 


Qh 


55,000 Btu/h 


net, in, min 


COP, 


HP, max 


10.15 


lhp 


2545 Btu/h 


= 2.13 hp 


(b) If the well-water at 50°F is used as the heat source, the COP of the 
heat pump and the required power input are determined to be 

C0P HP,max - C0P HP,rev ~ X _(j \/T H )~ \~ (50 + 460 R)/(78 + 460 R) 
and 



55,000 Btu/h 



W r 


Qh 


55,000 Btu/h 


net, in, min 


COP 


HP, max 


19.2 


lhp 


2545 Btu/h 


= 1.13 hp 
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6-106 A Camot heat pump consumes 6.6-kW of power when operating, and maintains a house at a specified temperature. 
The average rate of heat loss of the house in a particular day is given. The actual running time of the heat pump that day, 
the heating cost, and the cost if resistance heating is used instead are to be determined. 

Analysis ( a ) The coefficient of performance of this Carnot heat pump depends on the temperature limits in the cycle only, 
and is determined from 


COP 


HP, rev 


1 - {T l /t h ) 1 - (2 + 273 k)/(25 + 273 K) 


= 12.96 


The amount of heat the house lost that day is 

q h = q h { l day) = (55,000 kJ/hX24 h) = 1,320,000 kJ 

Then the required work input to this Carnot heat pump is determined from 
the definition of the coefficient of performance to be 


W, 


net, in 


Qh 

COP hp 


1,320,000 kJ 
12.96 


= 101,880 kJ 



Thus the length of time the heat pump ran that day is 


W, 


At = — 


net, in 


w. 


net, in 


101,880 kJ 
6.6 kJ/s 


= 15,440 s = 4.29 h 


(b) The total heating cost that day is 

Cost = W x price = (fC netin x A^)(price)= (6.6 kW)(4.29 h)(0.085 $/kWh) = $2.41 

(c) If resistance heating were used, the entire heating load for that day would have to be met by electrical energy. 
Therefore, the heating system would consume 1,320,000 kJ of electricity that would cost 


New Cost = Q h x price = (l ,320,000kjf 1 kwh 1(q .q 85 $/kWh) = $31 .2 


\3600 kJ 
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6-107 A Camot heat engine is used to drive a Carnot refrigerator. The maximum rate of heat removal from the refrigerated 
space and the total rate of heat rejection to the ambient air are to be determined. 

Assumptions The heat engine and the refrigerator operate steadily. 

Analysis (a) The highest thermal efficiency a heat engine operating between two specified temperature limits can have is 
the Carnot efficiency, which is determined from 


7th, max “ 7th, C ” * 


*i =1 _ MIL = 0 . 7 44 


T. 


H 


1173 K 


Then the maximum power output of this heat engine is 
determined from the definition of thermal efficiency to be 

^net,out = 7th Qh = (0.744)(800 kJ/min) = 595.2 kJ/min 


which is also the power input to the refrigerator, W 


net, in * 



The rate of heat removal from the refrigerated space will be a maximum if a Carnot refrigerator is used. The COP of the 
Carnot refrigerator is 


COP 


R,rev 




1 

(27 + 273 K)/(- 5 + 273 K)-l 


8.37 


Then the rate of heat removal from the refrigerated space becomes 

Q l r = (cOP R rev JfV net in ) = (8.37)(595.2 kJ/min) = 4982 kJ/min 


(b) The total rate of heat rejection to the ambient air is the sum of the heat rejected by the heat engine (Q L HE ) and the heat 
discarded by the refrigerator ( Q H R ), 


Ql, he - Qh, he - ^net,out = 800 - 595.2 = 204.8 kJ/min 
Q h r = Q l r + fV net in = 4982 + 595.2 = 5577.2 kJ/min 

ambient = Ql, he + Qh,r = 204.8 + 5577.2 = 5782 kJ/min 
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6-108E A Carnot heat engine is used to drive a Carnot refrigerator. The maximum rate of heat removal from the 
refrigerated space and the total rate of heat rejection to the ambient air are to be determined. 

Assumptions The heat engine and the refrigerator operate steadily. 

Analysis {a) The highest thermal efficiency a heat engine operating between two specified temperature limits can have is 
the Carnot efficiency, which is determined from 


^7th,max ” 7th,C 


= 1 - 


Tr 


T, 


= 1 


H 


540 R 
2160 R 


= 0.75 


Then the maximum power output of this heat engine is 
determined from the definition of thermal efficiency to be 

ff ne t,out = 7/th Qh = (0.75X700 Btu/min) = 525 Btu/min 


which is also the power input to the refrigerator, W net in 



The rate of heat removal from the refrigerated space will be a maximum if a Carnot refrigerator is used. The COP of the 
Carnot refrigerator is 


COR 


R,rev 


(r H /T l )~ 1 (80 + 460 r)/(20 + 460 R)- 1 


= 8.0 


Then the rate of heat removal from the refrigerated space becomes 

Ql,r = (cOP R rev )(fT net j n )= (8.0X525 Btu/min ) = 4200 Btu/min 


(, b ) The total rate of heat rejection to the ambient air is the sum of the heat rejected by the heat engine (Q L HE ) and the heat 
discarded by the refrigerator ( Q H R ), 


a, HE - Qh, he - ^net,out = 700 - 525 = 175 Btu/min 
Qh,r = Ql,r + ^net,in = 4200 + 525 = 4725 Btu/min 

ambient = &,HE + Qh.R = 175 + 4725 = 4900 Btu/min 
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6-109 A heat pump that consumes 4-kW of power when operating maintains a house at a specified temperature. The house 
is losing heat in proportion to the temperature difference between the indoors and the outdoors. The lowest outdoor 
temperature for which this heat pump can do the job is to be determined. 

Assumptions The heat pump operates steadily. 

Analysis Denoting the outdoor temperature by T L , the heating load of this house can be expressed as 
Q„ = (3800 kJ/h • K\297 -T,)={\ .056 kW/KX297 - T, )K 


The coefficient of performance of a Carnot heat pump depends on 
the temperature limits in the cycle only, and can be expressed as 


COP HP = 


1 


1 


1 ~{T l /T h ) 1 - T l !(291 K) 


or, as 


COP HP = 


Q h (l .056 kW/K)(297 - T, )K 


W, 


net, in 


4 kW 


Equating the two relations above and solving for T L , we obtain 
T l = 263.5 K = -9.5°C 
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6-110 An air-conditioner with R-134a as the working fluid is considered. The compressor inlet and exit states are specified. 
The actual and maximum COPs and the minimum volume flow rate of the refrigerant at the compressor inlet are to be 
determined. 

Assumptions 1 The air-conditioner operates steadily. 2 The kinetic and potential energy changes are zero. 

Properties The properties of R- 134a at the compressor 

inlet and exit states are (Tables A-l 1 through A- 13) a Q h 


P x = 400 kPa 1 h x = 255.55 kJ/kg 
x, =1 [ c/j =0.05 120 m 3 /kg 


x l =1 

P 2 = 1.2 MPa 
77 = 70°C 


h 2 =300.61 kJ/kg 


Analysis ( a ) The mass flow rate of the refrigerant and the 
power consumption of the compressor are 


100 L/min 


m D - 


1 m 3 Vi min 


1000 L 60s 


0.05 120 m 3 /kg 


= 0.03255 kg/s 


Condenser 


Expansion 

valve 


Compressor 


Evaporator 


1.2 MPa 
70°C 


400 kPa 
sat. vap. 


W in -m R (h 2 - h { ) = (0.03255 kg/s)(300.6 1-255.55) kJ/kg = 1. 467 kW 
The heat gains to the room must be rejected by the air-conditioner. That is, 

Ql = Cheat + ^equipment = (250 kJ/min)( + 0.9 kW = 5.067 kW 

60s 


Then, the actual COP becomes 

COP A^ 5 067kW =3.45 
W in 1.467 kW 

(b) The COP of a reversible refrigerator operating between the same temperature limits is 


COP, 


T h /T l - 1 (37 + 273) /(23 + 273) - 1 


21.14 


(c) The minimum power input to the compressor for the same refrigeration load would be 


in, min 


COP, 


5.067 kW 
21.14 


= 0.2396 kW 


The minimum mass flow rate is 

^in,min 0.2396 kW O OOS11 Q U / 

m Rmm = = = 0.005318 kg/s 

*’ mm h 2 -h l (300.61 -255.55) kJ/kg 
Finally, the minimum volume flow rate at the compressor inlet is 


</ min i = rh R min t/j = (0.0053 1 8 kg/s)(0.05 120 m 3 /kg) = 0.0002723 m 3 /s = 1 6.3 L/min 
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6-111 The COP of a completely reversible refrigerator as a function of the temperature of the sink is to be calculated and 
plotted. 


Assumptions The refrigerator operates steadily. 


Analysis The coefficient of performance for this completely reversible 
refrigerator is given by 


COP 


T, 


R,max 


t h -t l 


250 K 
T h -250 K 


Using EES, we tabulate and plot the variation of COP with the sink 
temperature as follows: 


d T h d 

Qh " 




Th [K] 


77/ 1 K 1 

COP R, max 

300 

5 

320 

3.571 

340 

2.778 

360 

2.273 

380 

1.923 

400 

1.667 

420 

1.471 

440 

1.316 

460 

1.19 

480 

1.087 

500 

1 


6-112 An expression for the COP of a completely reversible refrigerator in terms of the thermal-energy reservoir 
temperatures, T L and T H is to be derived. 

Assumptions The refrigerator operates steadily. 

Analysis Application of the first law to the completely reversible refrigerator yields 


^net,in ~Qh ~Ql 

This result may be used to reduce the coefficient of performance, 

cop Rrev = 1 

’ Ket,in Qh-Ql Qh/Ql- 1 

Since this refrigerator is completely reversible, the thermodynamic 
definition of temperature tells us that, 

QjlJjl 

Ql t l 

When this is substituted into the COP expression, the result is 


CT Th Z^ 



COP 


1 


Tr 


R,rev 


T H / T r -1 T„~T 


L 


H 
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Special Topic: Household Refrigerators 


6-44 


6-1 13C The energy consumption of a household refrigerator can be reduced by practicing good conservation measures such 
as (1) opening the refrigerator door the fewest times possible and for the shortest duration possible, (2) cooling the hot 
foods to room temperature first before putting them into the refrigerator, (3) cleaning the condenser coils behind the 
refrigerator, (4) checking the door gasket for air leaks, (5) avoiding unnecessarily low temperature settings, (6) avoiding 
excessive ice build-up on the interior surfaces of the evaporator, (7) using the power-saver switch that controls the heating 
coils that prevent condensation on the outside surfaces in humid environments, and (8) not blocking the air flow passages to 
and from the condenser coils of the refrigerator. 


6-1 14C It is important to clean the condenser coils of a household refrigerator a few times a year since the dust that 
collects on them serves as insulation and slows down heat transfer. Also, it is important not to block air flow through the 
condenser coils since heat is rejected through them by natural convection, and blocking the air flow will interfere with this 
heat rejection process. A refrigerator cannot work unless it can reject the waste heat. 


6-115C Today’s refrigerators are much more efficient than those built in the past as a result of using smaller and higher 
efficiency motors and compressors, better insulation materials, larger coil surface areas, and better door seals. 


6-1 16C It is a bad idea to overdesign the refrigeration system of a supermarket so that the entire air-conditioning needs of 
the store can be met by refrigerated air without installing any air-conditioning system. This is because the refrigerators cool 
the air to a much lower temperature than needed for air conditioning, and thus their efficiency is much lower, and their 
operating cost is much higher. 


6-1 17C It is a bad idea to meet the entire refrigerator/freezer requirements of a store by using a large freezer that supplies 
sufficient cold air at -20°C instead of installing separate refrigerators and freezers . This is because the freezers cool the air 
to a much lower temperature than needed for refrigeration, and thus their efficiency is much lower, and their operating cost 
is much higher. 
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6-118 A refrigerator consumes 300 W when running, and $74 worth of electricity per year under normal use. The fraction 
of the time the refrigerator will run in a year is to be determined. 

Assumptions The electricity consumed by the light bulb is negligible. 

Analysis The total amount of electricity the refrigerator uses a year is 


Total electric energy used = W etotal 


Total cost of energy 
Unit cost of energy 


$74/y£ar = 1057 kWh/year 
$0. 07/kWh 


The number of hours the refrigerator is on per year is 


_ , . , . W e total 1057 kWh/year 

Total operating hours = At = — t = = 3524 h/year 


W„ 


0.3 kW 


Noting that there are 365x24=8760 hours in a year, the fraction of the time the 
refrigerator is on during a year is determined to be 

Time fraction on = ™al opting hours = 3S24/ye,r = „ ^ 

Total hours per year 8760 h/year 

Therefore, the refrigerator remained on 40.2% of the time. 



6-119 The light bulb of a refrigerator is to be replaced by a $25 energy efficient bulb that consumes less than half the 
electricity. It is to be determined if the energy savings of the efficient light bulb justify its cost. 

Assumptions The new light bulb remains on the same number of hours a year. 

Analysis The lighting energy saved a year by the energy efficient bulb is 

Lighting energy saved = (Lighting power saved)(Operating hours) 

= [(40-18)W](60 h/year) 

= 1320 Wh = 1.32 kWh 

This means 1.32 kWh less heat is supplied to the refrigerated space by the 
light bulb, which must be removed from the refrigerated space. This 
corresponds to a refrigeration savings of 

_ P . , Lighting energy saved 1.32 kWh , t 

Refrigeration energy saved = = = 1.02 kWh 

COP 1.3 

Then the total electrical energy and money saved by the energy efficient light bulb become 

Total energy saved = (Lighting + Refrigeration) energy saved = 1.32 + 1.02 = 2.34 kWh / year 
Money saved = (Total energy saved)(Unit cost of energy) = (2.34 kWh/year)($0.08/kWh) 

= $0.19 /year 

That is, the light bulb will save only 19 cents a year in energy costs, and it will take $25/$0. 19 =132 years for it to pay for 
itself from the energy it saves. Therefore, it is not justified in this case. 



PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



6-46 


6-120 A person cooks three times a week and places the food into the refrigerator before cooling it first. The amount of 
money this person will save a year by cooling the hot foods to room temperature before refrigerating them is to be 
determined. 

Assumptions 1 The heat stored in the pan itself is negligible. 2 The specific heat of the food is constant. 

Properties The specific heat of food is c = 3.90 kJ/kg.°C (given). 

Analysis The amount of hot food refrigerated per year is 

m food = (5 kg/pan)(3 pans/week)(52 weeks/year) = 780 kg/year 
The amount of energy removed from food as it is unnecessarily cooled to room temperature in the refrigerator is 

Energy removed = Q out = m food cAT = (780 kg/year)(3.90 kJ/kg.°C)(95 - 23)°C = 219,024 kJ/year 

_ , _ Energy removed 219,024 kJ/year ( lkWh ^ 

Energy saved = = = = 40.56 kWh/year 

saved COP 1.5 ^3600 kJ ) 

Money saved = (Energy saved)(Unit cost of energy) = (40.56 kWh/year)($0. 10/kWh) = $4.06/year 
Therefore, cooling the food to room temperature before putting it into the refrigerator will save about four dollars a year. 
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6-121 The door of a refrigerator is opened 8 times a day, and half of the cool air inside is replaced by the warmer room air. 
The cost of the energy wasted per year as a result of opening the refrigerator door is to be determined for the cases of moist 
and dry air in the room. 


Assumptions 1 The room is maintained at 20°C and 95 kPa at all times. 2 Air is an ideal gas with constant specific heats at 
room temperature. 3 The moisture is condensed at an average temperature of 4°C. 4 Half of the air volume in the 
refrigerator is replaced by the warmer kitchen air each time the door is opened. 

Properties The gas constant of air is R = 0.287 kPa.m 3 /kg-K (Table A-l). The specific heat of air at room temperature is c p 
= 1.005 kJ/kg-°C (Table A-2a). The heat of vaporization of water at 4°C is hf g = 2492 kJ/kg (Table A-4). 

Analysis The volume of the refrigerated air replaced each time the refrigerator is opened is 0.3 nr (half of the 0.6 nr air 
volume in the refrigerator). Then the total volume of refrigerated air replaced by room air per year is 


Kur, replaced = (°- 3 m 3 )(8/day)(365 days/year) = 876 m 3 /year 


The density of air at the refrigerated space conditions of 95 kPa and 4°C and 
the mass of air replaced per year are 


Po 


A. 

RT a 


95 kPa 

(0.287 kPa.m 3 /kg.K)(4 + 273 K) 


1.195 kg/m 3 


m air = /?l/ air =(1.195kg/m 3 )(876m 3 /year) = 1047kg/year 
The amount of moisture condensed and removed by the refrigerator is 



m moisture = m air (moisture removed per kg air) = (1047 kg air/year)(0.006 kg/kg air) 
= 6.28 kg/year 


The sensible, latent, and total heat gains of the refrigerated space become 

£?gain,sensible — ^aiAp (^room — ^refrig) 

= (1047 kg/year)( 1.005 kJ/kg.°C)(20 - 4)°C = 16,836 kJ/year 

Q gain, latent — ^ moisture ^fg 

= (6.28 kg/year)(2492 kJ/kg) = 15,650 kJ/year 
2 gain, total — 2gain,sensible 2 gain, latent — 16,836+ 15,650 — 32,486 kJ/year 


For a COP of 1.4, the amount of electrical energy the refrigerator will consume to remove this heat from the refrigerated 
space and its cost are 


Electrical energy used (total) 


_ 2 g ain, total 32,486 kJ/year 


1 kWh 
3600 kJ 


COP 1.4 

Cost of energy used (total) = (Energy used)(Unit cost of energy) 

= (6.45 kWh/year)($0. 075/kWh) = $0.48/year 


= 6.45 kWh/year 


If the room air is very dry and thus latent heat gain is negligible, then the amount of electrical energy the refrigerator will 
consume to remove the sensible heat from the refrigerated space and its cost become 


Electrical energy used (sensible) 
Cost of energy used (sensible) 


Sgain, sensible 1 6,836 kJ/year 


1 kWh 
3600 kJ 


COP 1.4 

= (Energy used)(Unit cost of energy) 

= (3.34 kWh/year)($0. 075/kWh) = $0.25/year 


= 3.34 kWh/year 
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Review Problems 


6-122 The source and sink temperatures of a heat engine are given. The maximum work per unit heat input to the engine is 
to be determined. 


Assumptions The heat engine operates steadily. 

Analysis The maximum work per unit of heat that the engine can remove from 
the source is the Carnot efficiency, which is determined from 


W, 


net 


Q 


= J h h, 


max 


= 1 


T r 


H 


T 


= 1 


H 


290 K 
1280 K 


- 0.773 



6-123 The work output and the source and sink temperatures of a Carnot heat engine are given. The heat supplied to and 
rejected from the heat engine are to be determined. 


Assumptions 1 The heat engine operates steadily. 2 Heat losses from the 
working fluid at the pipes and other components are negligible. 

Analysis Applying the definition of the thermal efficiency and an energy 
balance to the heat engine, the unknown parameters are determined as 
follows: 


=1-^ = 1- (5 ° + 273)K 0.781 
th ’ max T h (1200 + 273) K 





500 kJ 
0.781 


= 640 k J 


q l =q h - W nQt = 640 - 500 = 140 kJ 


6-124E The operating conditions of a heat pump are given. The minimum temperature of the source that satisfies the 
second law of thermodynamics is to be determined. 


Assumptions The heat pump operates steadily. 
Analysis Applying the first law to this heat pump gives 



Qh - Ket,in = 32,000 Btu/h -(1.8 kW) 


3412.14 Btu/h 
IkW 


= 25,860 Btu/h 


In the reversible case we have 


?+ = Ql 
t h Qh 


(^^530 R+^> 


Qh 



Then the minimum temperature may be determined to be 



= (530 R) 25,860 Btu/h = 428 R 
Q h 32,000 Btu/h 
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6-125 A heat pump with a specified COP is to heat a house. The rate of heat loss of the house and the power consumption 
of the heat pump are given. The time it will take for the interior temperature to rise from 3°C to 22°C is to be determined. 

Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 The house is well-sealed so that no air 
leaks in or out. 3 The COP of the heat pump remains constant during operation. 

Properties The constant volume specific heat of air at room temperature is c v = 0.718 kJ/kg.°C (Table A-2) 

Analysis The house is losing heat at a rate of 

g Loss = 40,000 kJ/h = 11.11 kJ/s 

The rate at which this heat pump supplies heat is 

Qh = COP HP W netM = (2.4X8 kW)= 19.2 kW 

That is, this heat pump can supply heat at a rate of 19.2 kJ/s. Taking 
the house as the system (a closed system), the energy balance can be 
written as 

E in — ^out — ^^system 

' V ' v v ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Qm - 0out = A U = m(u 2 -u l ) 
fin-Cout =mc v {T 2 -T l ) 

(Qm-Qont)^ = mc u {T 2 -T x ) 

Substituting, 

(l9.2 - 1 1.1 lkJ/s)Al = (2000kg)(o.718kJ/kg-° c\l2 - 3)°C 

Solving for At, it will take 

At = 3373 s = 0.937 h 
for the temperature in the house to rise to 22°C. 
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6-126E A refrigerator with a water-cooled condenser is considered. The cooling load and the COP of a refrigerator are 
given. The power input, the exit temperature of water, and the maximum possible COP of the refrigerator are to be 
determined. 


6-50 


Assumptions The refrigerator operates steadily. 
Analysis (a) The power input is 


Ql 

24,000 Btu/h 

T.055 kJ 

f lh ) 

COP 

1.77 

, 1 Btu j 

> 3600 s , 


W = 

in 


(b) The rate of heat rejected in the condenser is 
Qh=Ql+ w iD 

f 1 Rt 

= 24,000 Btu/h + 3.974 kW 

V 1.055 

= 37,560 Btu/h 

The exit temperature of the water is 
Qh =mc p (T 2 -T x ) 
t 1 Qh 


f 1 Btu ] 

[ 3600 s^J 

( 1.055 kJ J 

1 lh J 


T 2= t \ + 


- 58°F + 


37,560 Btu/h 

(1 .45 lbm/s) ^ 600 ^ 1(1 .0 Btu/lbm • °F) 
lh 


Water 



(c) Taking the temperature of high-temperature medium to be the average temperature of water in the condenser, 


COP_ = 


T l 25 + 460 

T h -T l “ 0.5(58 + 65.2) -25 


= 13.3 


6-127 A Carnot heat engine cycle is executed in a closed system with a fixed mass of R- 134a. The thermal efficiency of the 
cycle is given. The net work output of the engine is to be determined. 

Assumptions All components operate steadily. 

Properties The enthalpy of vaporization of R-134a at 50°C is hf g = 151.79 kJ/kg (Table A-l 1). 

Analysis The enthalpy of vaporization hf g at a given T or P represents the 
amount of heat transfer as 1 kg of a substance is converted from saturated 
liquid to saturated vapor at that T or P. Therefore, the amount of heat 
transfer to R-134a during the heat addition process of the cycle is 

Qh = mh fg@ 50 °c = (°- 01 k sXl51.79 kJ/kg) = 1.518 kJ 

Then the work output of this heat engine becomes 

+et,ou« = 7ft Qh = (0.15X1.518 kj) = 0.228 kJ 



Carnot HE 
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6-128 A heat pump with a specified COP and power consumption is used to heat a house. The time it takes for this heat 
pump to raise the temperature of a cold house to the desired level is to be determined. 

Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 The heat loss of the house during the 
warp-up period is negligible. 3 The house is well-sealed so that no air leaks in or out. 


Properties The constant volume specific heat of air at room temperature is c v = 0.718 kJ/kg.°C. 

Analysis Since the house is well-sealed (constant volume), the total amount of heat that needs to be supplied to the house is 
Qh = (mc\,AT ) housc = (1500 kg)(0.718 kJ/kg • °C)(22 - 7)°C = 16,155 kJ 

The rate at which this heat pump supplies heat is 

Qh = COP m W netM = (2.8)(5 kW) = 14 kW 


That is, this heat pump can supply 14 kJ of heat per second. Thus the time required to 
supply 16,155 kJ of heat is 


At = 


Q h 16,155 kJ 


Q 


H 


14 kJ/s 


= 1154 s = 19.2 min 



6-129 A solar pond power plant operates by absorbing heat from the hot region near the bottom, and rejecting waste heat to 
the cold region near the top. The maximum thermal efficiency that the power plant can have is to be determined. 


Analysis The highest thermal efficiency a heat engine operating between two 
specified temperature limits can have is the Carnot efficiency, which is determined 
from 


T 708 K 

'7 t h, m ax='7th,c-l-A = 1 -^7V = 0 - 127 or 12 - 7% 

1 jLjf jjj !v 

In reality, the temperature of the working fluid must be above 35°C in the condenser, 
and below 80°C in the boiler to allow for any effective heat transfer. Therefore, the 
maximum efficiency of the actual heat engine will be lower than the value calculated 
above. 


d_ 80 °C 
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6-130 A Carnot heat engine cycle is executed in a closed system with a fixed mass of steam. The net work output of the 
cycle and the ratio of sink and source temperatures are given. The low temperature in the cycle is to be determined. 

Assumptions The engine is said to operate on the Carnot cycle, which is totally reversible. 



Carnot HE 



since the enthalpy of vaporization hf g at a given T or P represents the amount of heat transfer as 1 kg of a substance is 
converted from saturated liquid to saturated vapor at that T or P. Therefore, T L is the temperature that corresponds to the 
hfg value of 2400 kJ/kg, and is determined from the steam tables (Table A-4) to be 

T l = 42.5°C 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



6-53 


6-131 



Problem 6-130 is reconsidered. The effect of the net work output on the required temperature of the steam 


during the heat rejection process as the work output varies from 40 kJ to 60 kJ is to be investigated. 
Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Given" 
m=0.025 [kg] 

RatioT=0.5 "RatioT=T_L/T_H" 
"W_net_out=60 [kJ]" 

"Properties" 

Fluid$= 'steamjapws' 
h_f=enthalpy(Fluid$, T=T_L, x=0) 
h_g=enthalpy(Fluid$, T=T_L, x=1) 
h_fg=h_g-h_f 


"Analysis" 

eta_th=1-RatioT 

eta_th=W_net_out/Q_H 

Q_L=Q_H-W_net_out 

Q_L=m*h_fg 


Wout 

[kJ] 

O . — . 

40 

270.8 

42.5 

252.9 

45 

232.8 

47.5 

209.9 

50 

184 

52.5 

154.4 

55 

120.8 

57.5 

83.17 

60 

42.5 
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6-132 A Carnot refrigeration cycle is executed in a closed system with a fixed mass of R- 134a. The net work input and the 
ratio of maximum-to-minimum temperatures are given. The minimum pressure in the cycle is to be determined. 

Assumptions The refrigerator is said to operate on the reversed Carnot cycle, which is totally reversible. 

Analysis The coefficient of performance of the cycle is 


Also, 


and 


COP R = = — - — = 5 

T H / T, - 1 1.2-1 

COP R = > Q l = COP R x W m = (5X22 kj) = 1 10 kJ 

in 

Qn =q l +w = 110 + 22 = 132kJ 



Qh ~ 


Qh 

m 


132kJ 

0.96kg 


- 137.5kJ/kg - h f g @ TH 


since the enthalpy of vaporization hf g at a given T or P represents the amount of heat transfer per unit mass as a substance is 
converted from saturated liquid to saturated vapor at that T or P. Therefore, T H is the temperature that corresponds to the 
hfg value of 137.5 kJ/kg, and is determined from the R-134a tables to be 


T h = 61.3°C = 334.3 K 

Then, 

T l = T ^-= 334,3 K = 278.6 K = 5.6°C 
1.2 1.2 


Therefore, 


^min ^sat@5.6°C 


= 355 kPa 
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6-133 Problem 6-132 is reconsidered. The effect of the net work input on the minimum pressure as the work input 

varies from 10 kJ to 30 kJ is to be investigated. The minimum pressure in the refrigeration cycle is to be plotted as a 
function of net work input. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


Analysis: The coefficient of performance of the cycle is given by" 
m_R1 34a = 0.96 [kg] 

THtoTLRatio = 1 .2 "T_H = 1 ,2T_L" 

"WJn = 22 [kJ]" "Depending on the value of WJn, adjust the guess value of T_H." 
COP_R = 1/( THtoTLRatio- 1) 

Q_L = W_in*COP_R 

"First law applied to the refrigeration cycle yields:" 

Q_L + WJn = Q_H 

"Steady-flow analysis of the condenser yields 
m_R1 34a* h_3 = m_R1 34a*h_4 +Q_H 

Q_H = m_R134a*(h_3-h_4) and h_fg = h_3 - h_4 also T_H=T_3=T_4" 
Q_H=m_R1 34a*h_fg 

h_fg=enthalpy(R134a,T=T_H,x=1) - enthalpy(R134a,T=T_H,x=0) 
T_H=THtoTLRatio*T_L 

"The minimum pressure is the saturation pressure corresponding to T_L." 

P_min = pressure(R134a,T=T_L,x=0)*convert(kPa,MPa) 

T L C = T L - 273 


W in 

[kdl 

P min 

[MPa] 

Th 

[K1 

Tl 

[K1 

O 

i— J “ 

10 

0.8673 

368.8 

307.3 

34.32 

15 

0.6837 

358.9 

299 

26.05 

20 

0.45 

342.7 

285.6 

12.61 

25 

0.2251 

319.3 

266.1 

-6.907 

30 

0.06978 

287.1 

239.2 

-33.78 



W in [kJ] 



W in [kJ] 
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6-134 Two Carnot heat engines operate in series between specified temperature limits. If the thermal efficiencies of both 
engines are the same, the temperature of the intermediate medium between the two engines is to be determined. 


Assumptions The engines are said to operate on the Carnot cycle, which is totally 
reversible. 

Analysis The thermal efficiency of the two Carnot heat engines can be expressed as 

T T 

and 7th,n =1 --^ 

1 H 1 

Equating, 

t h t 

Solving for J, 

T = tJt h T l = 7(1800 K)(300 K) = 735 K 



6-135E The thermal efficiency of a completely reversible heat engine as a function of the source temperature is to be 
calculated and plotted. 

Assumptions The heat engine operates steadily. 

Analysis With the specified sink temperature, the thermal efficiency of this completely 
reversible heat engine is 

T L 500 R 

*7 th,rev T T 

1 H 1 H 

Using EES, we tabulate and plot the variation of thermal efficiency with the source temperature: 


Th[ R] 

T| th.rev 

500 

0 

650 

0.2308 

800 

0.375 

950 

0.4737 

1100 

0.5455 

1250 

0.6 

1400 

0.6429 

1550 

0.6774 

1700 

0.7059 

1850 

0.7297 

2000 

0.75 



Th [R] 
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6-136 A Carnot heat engine drives a Carnot refrigerator that removes heat from a cold medium at a specified rate. The rate 
of heat supply to the heat engine and the total rate of heat rejection to the environment are to be determined. 

Analysis {a) The coefficient of performance of the Carnot refrigerator is 


COP R , c = 


(T h /T l )-1 (300K)/(258K)-1 

Then power input to the refrigerator becomes 

Q l 250 kJ/min 


= 6.143 


W, 


net, in 


COP 


R,C 


6.143 


= 40.7 kJ/min 


which is equal to the power output of the heat engine, W netout • 

The thermal efficiency of the Carnot heat engine is determined from 



'7th,c=l- — = l-^^ = 0-6667 


T 


H 


900 K 


Then the rate of heat input to this heat engine is determined from the definition of thermal efficiency to be 


0 


w. 


net, out 40.7 kJ/min 


H, HE 


7 th, HE 


0.6667 


61.1 kJ/min 


(b) The total rate of heat rejection to the ambient air is the sum of the heat rejected by the heat engine ( Ql he ) an d the heat 
discarded by the refrigerator ( Q H R ), 


0l,he - Qh , he ^net,out - 61.1 40.7 - 20.4 kJ/min 
0 //,r = Ql,r + ^net,m = 250 + 40.7 = 290.7 kJ/min 

0 Ambient = 0i, he + Qh, r = 20.4 + 290.7 = 311 kJ/min 
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6-137 Problem 6-136 is reconsidered. The effects of the heat engine source temperature, the environment 

temperature, and the cooled space temperature on the required heat supply to the heat engine and the total rate of heat 
rejection to the environment as the source temperature varies from 500 K to 1000 K, the environment temperature varies 
from 275 K to 325 K, and the cooled space temperature varies from -20°C to 0°C are to be investigated. The required heat 
supply is to be plotted against the source temperature for the cooled space temperature of -15°C and environment 
temperatures of 275, 300, and 325 K. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


Q_dot_L_R = 250 [kJ/min] 

T_surr = 300 [K] 

T_H = 900 [K] 

T_L_C = -1 5 [C] 

T_L =T_L_C+ 273 

"Coefficient of performance of the Carnot refrigerator:" 

T_H_R = T_surr 

COP„R = 1/(T_H_R/T_L-1 ) 

"Power input to the refrigerator:" 

W_dot_in_R = Q_dot_L_R/COP_R 
"Power output from heat engine must be:" 
W_dot_out_HE = W_dot_in_R 
"The efficiency of the heat engine is:" 

T_L_H E = T_surr 

eta_H E = 1 - T_L_HE/T_H 

"The rate of heat input to the heat engine is:" 

Q_dot_H_HE = W_d ot_o ut_H E/eta_H E 

"First law applied to the heat engine and refrigerator:" 

Q_dot_L_HE = Q_dot_H_HE - W_dot_out_HE 

Q dot H R = Q dot L R + W dot in R 


Th 

[K1 

Qhhe 

[kJ/min] 

Qsurr 

[kJ/min] 

500 

36.61 

286.6 

600 

30.41 

280.4 

700 

27.13 

277.1 

800 

25.1 

275.1 

900 

23.72 

273.7 

1000 

22.72 

272.7 



O 

i— J “ 

Qhhe 

[kJ/min] 

Qsurr 

[kJ/min] 

-20 

31.3 

281.3 

-18 

28.24 

278.2 

-16 

25.21 

275.2 

-14 

22.24 

272.2 

-12 

19.31 

269.3 

-10 

16.43 

266.4 

-8 

13.58 

263.6 

-6 

10.79 

260.8 

-4 

8.03 

258 

-2 

5.314 

255.3 

0 

2.637 

252.6 
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Th [K] 
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6-138 Half of the work output of a Carnot heat engine is used to drive a Carnot heat pump that is heating a house. The 
minimum rate of heat supply to the heat engine is to be determined. 

Assumptions Steady operating conditions exist. 


Analysis The coefficient of performance of the Carnot heat pump is 


COP 


HP,C 



1 

1 - (2 + 273 K)/(22 + 273 k) 


14.75 


Then power input to the heat pump, which is supplying heat to the 
house at the same rate as the rate of heat loss, becomes 


W r 


net, in 


Q 

COP 


H 


HP,C 


62,000 kJ/h 
14.75 


= 4203 kJ/h 


which is half the power produced by the heat engine. Thus the power 
output of the heat engine is 



= 2W net m = 2(4203 kJ/h) = 8406 kJ/h 


To minimize the rate of heat supply, we must use a Carnot heat engine whose thermal efficiency is determined from 


7th,c =!-— = 1 - 


29 ^ = 0.727 


T h 1073 K 


Then the rate of heat supply to this heat engine is determined from the definition of thermal efficiency to be 

^net,out 8406 kJ/h 


Q 


H, HE 


^7th,HE 0.727 


= 11,560 kJ/h 


6-139E An extraordinary claim made for the performance of a refrigerator is to be evaluated. 


Assumptions Steady operating conditions exist. 

Analysis The performance of this refrigerator can be evaluated by comparing it 
with a reversible refrigerator operating between the same temperature limits: 


COP R?max - COP R rev 


1 


1 


T h /T l - 1 (75 + 460)7(35 + 460) -1 


= 12.4 


Discussion This is the highest COP a refrigerator can have when absorbing 
heat from a cool medium at 35°F and rejecting it to a warmer medium at 75 °F. 
Since the COP claimed by the inventor is above this maximum value, the 
claim is false. 
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6-140 A Carnot heat pump cycle is executed in a steady-flow system with R-134a flowing at a specified rate. The net power 
input and the ratio of the maximum-to-minimum temperatures are given. The ratio of the maximum to minimum pressures 
is to be determined. 


Analysis The coefficient of performance of the cycle is 


COP HP = 


1 -T l !T h 


1 

1 - 1 / 1.2 


= 6.0 


and 


Q h = COP HP xfC in = (6.0)(5 kW) = 30.0 kJ/s 


Qh ~ 


Qh 


30.0 kJ/s 
0.22 kg/s 


= 1 36.36 kJ/kg = h fg@Tn 


since the enthalpy of vaporization hf g at a given T or P represents the 
amount of heat transfer per unit mass as a substance is converted from 
saturated liquid to saturated vapor at that T or P. Therefore, T H is the 
temperature that corresponds to the h fg value of 136.36 kJ/kg, and is 
determined from the R-134a tables to be 



T h = 62.0°C = 335.1 K 
and 

^max = ^sat@62.0°C =1763kPa 

T l =-^-= 335,1 K =291.4 K = 18.3°C 
1.25 1.2 

Also, 

^min = ^s at @ 18 .3° C = ^42 kPa 


Then the ratio of the maximum to minimum pressures in the cycle is 


R 


max 

P • 

min 


1763 kPa 
542 kPa 


3.25 
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6-141 Switching to energy efficient lighting reduces the electricity consumed for lighting as well as the cooling load in 
summer, but increases the heating load in winter. It is to be determined if switching to efficient lighting will increase or 
decrease the total energy cost of a building. 

Assumptions The light escaping through the windows is negligible so that the entire lighting energy becomes part of the 
internal heat generation. 

Analysis (a) Efficient lighting reduces the amount of electrical energy used for lighting year-around as well as the amount 
of heat generation in the house since light is eventually converted to heat. As a result, the electrical energy needed to air 
condition the house is also reduced. Therefore, in summer, the total cost of energy use of the household definitely 
decreases. 


( b ) In winter, the heating system must make up for the reduction in the heat generation due to reduced energy used for 
lighting. The total cost of energy used in this case will still decrease if the cost of unit heat energy supplied by the heating 
system is less than the cost of unit energy provided by lighting. 


The cost of 1 kWh heat supplied from lighting is $0.08 since all the energy consumed by lamps is eventually 
converted to thermal energy. Noting that 1 therm = 105,500 kJ = 29.3 kWh and the furnace is 80% efficient, the cost of 1 
kWh heat supplied by the heater is 

Cost of 1 kWh heat supplied by furnace = (Amount of useful energy/ ^ fornace )(Price) 


= [(1 kWh)/0.80]($ 1.40/therm) 
= $0,060 (per kWh heat) 


1 therm 
29.3 kWh 


which is less than $0.08. Thus we conclude that switching to energy efficient lighting 
will reduce the total energy cost of this building both in summer and in winter. 



Discussion To determine the amount of cost savings due to switching to energy efficient lighting, consider 10 h of 
operation of lighting in summer and in winter for 1 kW rated power for lighting. 


Current lighting: 

Lighting cost: (Energy used)(Unit cost)= (1 kW)(10 h)($0. 08/kWh) = $0.80 

Increase in air conditioning cost: (Heat from lighting/COP)(unit cost) =(10 kWh/3. 5)($0. 08/kWh) = $0.23 
Decrease in the heating cost = [Heat from lighting/Eff](unit cost)=( 10/0.8 kWh)($ 1.40/29. 3/kWh) =$0.60 
Total cost in summer = 0.80+0.23 = $1.03; Total cost in winter = $0.80-0.60 = 0.20. 


Energy efficient lighting: 

Lighting cost: (Energy used)(Unit cost)= (0.25 kW)(10 h)($0. 08/kWh) = $0.20 

Increase in air conditioning cost: (Heat from lighting/COP)(unit cost) =(2.5 kWh/3. 5)($0. 08/kWh) = $0.06 

Decrease in the heating cost = [Heat from lighting/Eff](unit cost)=(2.5/0.8 kWh)($ 1.40/29. 3/kWh) = $0.15 

Total cost in summer = 0.20+0.06 = $0.26; Total cost in winter = $0.20-0.15 = 0.05. 

Note that during a day with 10 h of operation, the total energy cost decreases from $1.03 to $0.26 in summer, and from 
$0.20 to $0.05 in winter when efficient lighting is used. 
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6-142 A heat pump is used to heat a house. The maximum money saved by using the lake water instead of outside air as the 
heat source is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The kinetic and potential energy changes are zero. 

Analysis When outside air is used as the heat source, the cost of energy is calculated considering a reversible heat pump as 
follows: 


COP 


1 


1 


max 


1 -T l !T h 1- (0 + 273)7(25 + 273) 


= 11.92 


W, 


Q h (140,000/ 3600) kW 


in, min C Qp max 1L92 


= 3.262 kW 


Cost air = (3.262 kW)(l 00 h)($0. 085/kWh) = $27.73 
Repeating calculations for lake water, 

1 1 


COP 


max 


1-T l /T h 1 - (10 + 273) /(25 + 273) 


= 19.87 


W: 


Q h (140,000/ 3600) kW 


m ’ mm COP max 19.87 


= 1.957 kW 


Cost lake = (1.957 kW)(100 h)($0.085/kWh) = $16.63 

Then the money saved becomes 

Money Saved = Cost air -Cost| ake = $27.73 -$16.63 = $1 1.10 
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6-143 The cargo space of a refrigerated truck is to be cooled from 25 °C to an average temperature of 5°C. The time it will 
take for an 8-kW refrigeration system to precool the truck is to be determined. 

Assumptions 1 The ambient conditions remain constant during precooling. 2 The doors of the truck are tightly closed so 
that the infiltration heat gain is negligible. 3 The air inside is sufficiently dry so that the latent heat load on the refrigeration 
system is negligible. 4 Air is an ideal gas with constant specific heats. 

Properties The density of air is taken 1.2 kg/m 3 , and its specific heat at the average temperature of 15°C is c p = 1.0 kJ/kg°C 
(Table A-2). 

Analysis The mass of air in the truck is 

»; air = /? ail V tmck = (1.2 kg/m 3 )(12 mx 2.3 mx 3.5 m) = 1 16 kg 

The amount of heat removed as the air is cooled from 25 to 5°C 

^cooling, air = (mc p A7\ lr = (116 kg)(1.0 kJ/kg.°C)(25 - 5)°C 
= 2,320 kJ 

Noting that UA is given to be 80 W/°C and the average air temperature in the truck Q 

during precooling is (25+5)/2 = 15°C, the average rate of heat gain by transmission is 
determined to be 


Truck 

T x =25°C 
T 2 =5°C 


Stransmission.ave = UAAT = (80 W/° C)(25 - 15)° C = 800 W = 0.80kJ/s 
Therefore, the time required to cool the truck from 25 to 5°C is determined to be 

refrig. ^ — ^cooling, air 0 transmission ^ 

^cooling, air 2,320kJ 


-> At = 


Srefrig. - ^transmission (8-0.8) kj/s 


= 322s = 5.4min 
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6-144 A refrigeration system is to cool bread loaves at a rate of 1200 per hour by refrigerated air at -30°C. The rate of heat 
removal from the breads, the required volume flow rate of air, and the size of the compressor of the refrigeration system are 
to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The thermal properties of the bread loaves are constant. 3 The cooling 
section is well-insulated so that heat gain through its walls is negligible. 

Properties The average specific and latent heats of bread are given to 
be 2.93 kJ/kg.°C and 109.3 kJ/kg, respectively. The gas constant of 
air is 0.287 kPa.m /kg.K (Table A-l), and the specific heat of air at 
the average temperature of (-30 + -22)12 = -26°C « 250 K is c p =1.0 
kJ/kg.°C (Table A-2). 

Analysis ( a ) Noting that the breads are cooled at a rate of 500 loaves per 
hour, breads can be considered to flow steadily through the cooling 
section at a mass flow rate of 

m bread = (1200 breads/h)(0.350 kg/bread) = 420 kg/h = 0.1 167 kg/s 
Then the rate of heat removal from the breads as they are cooled from 30°C to -10°C and frozen becomes 
Sbread p AObread = (420 kg/h)(2.93 kJ/kg.°C)[(30 - (-10)]°C = 49,224 kJ/h 

£? freezing = (^latent) bread = (420 kg/h 09.3 kJ/kg )= 45,906 kJ/h 



and 


0.0*1 = thread + freezing = 49,224 + 45,906 = 95,1 30 kJ/h 

( b ) All the heat released by the breads is absorbed by the refrigerated air, and the temperature rise of air is not to exceed 
8°C. The minimum mass flow and volume flow rates of air are determined to be 


™air = 


Q 


air 


95,130 kJ/h 


(c p AT) air (1.0 kJ/kg. °C)(8°C) 


= 1 1,891 kg/h 


P = 


P 


101.3 kPa 


RT (0.287 kPa.m/kg.K)(-30 + 273) K 


= 1.453 kg/m 


m • 

iy _ "*air 
''air — 


11,891 kg/h 


= 8185 m 3 /h 


P air 1.453 kg/m 

(c) For a COP of 1.2, the size of the compressor of the refrigeration system must be 

Srefrig 95,130 kJ/h 


w. 


refrig 


COP 


1.2 


= 79,275 kJ/h = 22.02 kW 
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6-145 The drinking water needs of a production facility with 20 employees is to be met by a bobbler type water fountain. 
The size of compressor of the refrigeration system of this water cooler is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Water is an incompressible substance with constant properties at room 
temperature. 3 The cold water requirement is 0.4 L/h per person. 

Properties The density and specific heat of water at room temperature are p= 1.0 kg/L and c = 4.18 kJ/kg.°C.C (Table A- 

3). 

Analysis The refrigeration load in this case consists of the heat gain of the reservoir and the cooling of the incoming water. 
The water fountain must be able to provide water at a rate of 

"'water = water = (* k g /L )( 0 - 4 L/h • person)(20 persons) = 8.0 kg/h 


To cool this water from 22°C to 8°C, heat must removed from the 
water at a rate of 

^cooling — ^^p(^in — ^out) 

= (8.0 kg/h)(4. 18 kJ/kg.°C)(22 - 8)°C 
= 468 kJ/h - 130 W (since 1 W = 3.6 kJ/h) 


Then total refrigeration load becomes 

^ refrig, total — ^cooling "^transfer 


= 130 + 45 = 175 W 


Noting that the coefficient of performance of the refrigeration 
system is 2.9, the required power input is 


C? refrig _ 1 75 W 
COP 2.9 


-60.3 W 



Therefore, the power rating of the compressor of this refrigeration system must be at least 60.3 W to meet the cold water 
requirements of this office. 
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6-146E A washing machine uses $33/year worth of hot water heated by a gas water heater. The amount of hot water an 
average family uses per week is to be determined. 

Assumptions 1 The electricity consumed by the motor of the washer is negligible. 2 Water is an incompressible substance 
with constant properties at room temperature. 

Properties The density and specific heat of water at room temperature are p = 62. 1 lbm/ft 3 and c= 1.00 Btu/lbm.°F (Table 
A-3E). 

Analysis The amount of electricity used to heat the water and the net amount transferred to water are 


Total cost of energy $33/year , 

Total energy used (gas) = : = = 27.27 therms/year 

Unit cost of energy $1.21 /therm 

Total energy transfer to water = E m = (Efficiency)(Total energy used) = 0.58 x 27.27 therms/year 

r 1 00,000 Btu Y 1 year 


= 15.82 therms/year = (15.82 therms/year) 
= 30,420 Btu/week 


1 therm 


7V 


52 weeks 


Then the mass and the volume of hot water used per week become 

E in 30,420 Btu/week 


E m =mc(T 0Ut -T m ) tit = 


in 


c(T 0Ut -T m ) (1.0 Btu/lbm.°F)(130-60)°F 


= 434.6 lbm/week 


and 


. . m 434.6 lbm/week _ . . 3 . 

Kvater = ~ ~ ~ , = (7-0 ft 3 / Week) 


p 62.1 lbm/ft 




7.4804 gal 
1ft 3 


= 52.4 gal/week 


Therefore, an average family uses about 52 gallons of hot water per week for washing clothes. 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



6-68 



6-147 A typical heat pump powered water heater costs about $800 more to install than a typical electric water heater. 
The number of years it will take for the heat pump water heater to pay for its cost differential from the energy it saves is to 
be determined. 

Assumptions 1 The price of electricity remains constant. 2 Water is 
an incompressible substance with constant properties at room 
temperature. 3 Time value of money (interest, inflation) is not 
considered. 

Analysis The amount of electricity used to heat the water and the 
net amount transferred to water are 


Total energy used (electrical) = 


Total cost of energy 
Unit cost of energy 
$250/year 



$0. 080/kWh 
= 3125 kWh/year 

Total energy transfer to water = E in = (Efficiency )(Total energy used) = 0.95x3125 kWh/year 

= 2969 kWh/year 

The amount of electricity consumed by the heat pump and its cost are 

Energy transfer to water 2969 kWh/year 


Energy usage (of heat pump) 


COP 


HP 


3.3 


= 899.6 kWh/year 


Energy cost (of heat pump) = (Energy usage)(Unit cost of energy) = (899.6 kWh/year)($0. 08/kWh) 

= $7 1.97/year 

Then the money saved per year by the heat pump and the simple payback period become 

Money saved = (Energy cost of electric heater) - (Energy cost of heat pump) 

= $250 -$71.97 = $178.0 
Additional installation cost $800 


Simple payback period 


Money saved 


$ 178.0/year 


4.49 years 


Discussion The economics of heat pump water heater will be even better if the air in the house is used as the heat source for 
the heat pump in summer, and thus also serving as an air-conditioner. 
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6-148 



Problem 6-147 is reconsidered. The effect of the heat pump COP on the yearly operation costs and the 


number of years required to break even are to be considered. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Energy supplied by the water heater to the water per year is E_ElecHeater" 

"Cost per year to operate electric water heater for one year is:" 

Cost_ElectHeater = 250 [$/year] 

"Energy supplied to the water by electric heater is 90% of energy purchased" 
eta=0.95 

E_ElectHeater = eta*Cost_ElectHeater /UnitCost "[kWh/year]" 

UnitCost=0.08 [$/kWh] 

"For the same amont of heated water and assuming that all the heat energy leaving the heat pump goes into the 
water, then" 

"Energy supplied by heat pump heater = Energy supplied by electric heater" 

E_HeatPump = E_ElectHeater "[kWh/year]" 

"Electrical Work enegy supplied to heat pump = Heat added to water/COP" 

COP=3.3 

WJHeatPump = E_HeatPump/COP "[kWh/year]" 

"Cost per year to operate the heat pump is" 

Cost_HeatPump=W_HeatPump*UnitCost 

"Let N_BrkEven be the number of years to break even:" 

"At the break even point, the total cost difference between the two water heaters is zero." 

"Years to break even, neglecting the cost to borrow the extra $800 to install heat pump" 

CostDifMotal = 0 [$] 

CostDiff_total=AddCost+N_BrkEven*(Cost_HeatPump-Cost_ElectHeater) "[$]" 

AddCost=800 [$] 


COP 

^BrkEven 

[years] 

C0St(-ieatPump 

[$/year] 

COStEEiektHeater 

[$/year] 

2 

6.095 

118.8 

250 

2.3 

5.452 

103.3 

250 

2.6 

5.042 

91.35 

250 

2.9 

4.759 

81.9 

250 

3.2 

4.551 

74.22 

250 

3.5 

4.392 

67.86 

250 

3.8 

4.267 

62.5 

250 

4.1 

4.165 

57.93 

250 

4.4 

4.081 

53.98 

250 

4.7 

4.011 

50.53 

250 

5 

3.951 

47.5 

250 
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COP 
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6-149 A home owner is to choose between a high-efficiency natural gas furnace and a ground-source heat pump. The 
system with the lower energy cost is to be determined. 

Assumptions The two heater are comparable in all aspects other than the cost of energy. 

Analysis The unit cost of each kJ of useful energy supplied to the house by each system is 


Natural gas furnace : 


Unit cost of useful energy = 


($ 1.42/therm) 


0.97 


1 therm 
105,500 kJ 


= $13.8xl(T 6 /kJ 


Heat Pump System : 


Unit cost of useful energy = 


($0. 092/kWh) 


3.5 


1 kWh 
3600 kJ 


= $7.3 xl(T 6 / kJ 


The energy cost of ground-source heat pump system will be lower. 


6-150 The ventilating fans of a house discharge a houseful of warmed air in one hour (ACH =1). For an average outdoor 
temperature of 5°C during the heating season, the cost of energy “vented out” by the fans in 1 h is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The house is maintained at 22°C and 92 kPa at all times. 3 The 
infiltrating air is heated to 22°C before it is vented out. 4 Air is an ideal gas with constant specific heats at room 
temperature. 5 The volume occupied by the people, furniture, etc. is negligible. 

Properties The gas constant of air is R = 0.287 kPa.m 3 /kgK (Table A-l). The specific heat of air at room temperature is c p 
= 1.0 kJ/kg-°C (Table A-2a). 


Analysis The density of air at the indoor conditions of 92 kPa and 22°C is 
P n 92 kPa 


Po = 


RT„ (0.287 kPa.m 3 /kg.K)(22 + 273 K) 


= 1.087 kg/m 


3 

Noting that the interior volume of the house is 200 x 2.8 = 560 m , the 
mass flow rate of air vented out becomes 


m a ir = pV . air = (1 -087 kg/m 3 )(560 m 3 /h) = 608.7 kg/h = 0. 169 kg/s 


Noting that the indoor air vented out at 22°C is replaced by infiltrating 
outdoor air at 5°C, this corresponds to energy loss at a rate of 


Q loss, fan ^ air ^ pi ^indoors ^outdoors ) 


= (0. 169 kg/s)(1.0kJ/kg. o C)(22-5) o C = 2.874 kJ/s = 2.874 kW 


5°C 
92 kPa 


Bathroom 

fan 


t 


t 


i 



22°C 


Then the amount and cost of the heat “vented out” per hour becomes 

Fuel energy loss = Q oss ,fan A* / /7fumace - (2.874 kW)(lh)/0.96 = 2.994 kWh 
Money loss = (Fuel energy loss)(Unit cost of energy) 

f 1 therm 


= (2.994 kWh)($ 1.20/therm) 


29.3 kWh 


= $0,123 


Discussion Note that the energy and money loss associated with ventilating fans can be very significant. Therefore, 
ventilating fans should be used sparingly. 
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6-151 The ventilating fans of a house discharge a houseful of air-conditioned air in one hour (ACH =1). For an average 
outdoor temperature of 28°C during the cooling season, the cost of energy “vented out” by the fans in 1 h is to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 The house is maintained at 22°C and 92 kPa at all times. 3 The 
infiltrating air is cooled to 22°C before it is vented out. 4 Air is an ideal gas with constant specific heats at room 
temperature. 5 The volume occupied by the people, furniture, etc. is negligible. 6 Latent heat load is negligible. 

Properties The gas constant of air is R = 0.287 kPa.mVkg-K (Table A-l). The specific heat of air at room temperature is 
c p = 1.0 kJ/kg °C (Table A-2a). 


Analysis The density of air at the indoor conditions of 92 kPa and 22°C is 


Po = 


P () 92 kPa 

RT a (0.287 kPa.m 3 /kg.K)(22 + 273 K) 


= 1.087 kg/m 


'y 

Noting that the interior volume of the house is 200 x 2.8 = 560 m , the 
mass flow rate of air vented out becomes 

th air = pV a [ r = (1 -087 kg/m 3 )(560 m 3 /h) = 608.7 kg/h = 0. 169 kg/s 

Noting that the indoor air vented out at 22°C is replaced by infiltrating 
outdoor air at 28°C, this corresponds to energy loss at a rate of 

Sloss,fan — ^ air (^"outdoors ^indoors) 

= (0.169 kg/s)( 1 . 0 kJ/kg. °C)(28 - 22)°C = 1.014 kJ/s = 1 .0 1 4 kW 

Then the amount and cost of the electric energy “vented out” per hour becomes 

Electric energy loss = 2i 0S s,fanA^ / COP = (1 .014 kW)(l h)/2.3 = 0.441 kWh 
Money loss = (Fuel energy loss)(Unit cost of energy) 

= (0.44 1 kWh)($0. 1 0 / kWh) = $ 0,044 


28°C 
92 kPa 

Bathroom 

fan 


22°C 


Discussion Note that the energy and money loss associated with ventilating fans can be very significant. Therefore, 
ventilating fans should be used sparingly. 
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6-152 A geothermal heat pump with R-134a as the working fluid is considered. The evaporator inlet and exit states are 
specified. The mass flow rate of the refrigerant, the heating load, the COP, and the minimum power input to the compressor 
are to be determined. 

Assumptions 1 The heat pump operates steadily. 2 The kinetic and potential energy changes are zero. 3 Steam properties 
are used for geothermal water. 

Properties The properties of R- 134a and water are ^ 

(Steam and R-134a tables) 


T x = 12°C 
x x = 0.15 


h x = 96.55 kJ/kg 
P x = 443.3 kPa 


x 


Condenser 


p 2 =p x = 443.3 kPa 


*2 = 1 


T w> i = 60°C 

*w,l = 0 

T w , 2 = 40°C 

%w,2 = 0 


h 2 =251.21 kJ/kg 


X* 


Expansion 

valve 


\h Wi \ - 251.18 kJ/kg 


Compressor 


Evaporator 


12°C ^ 

— t — 

'i *=0.15 

'0L 

>h w2 =167.53 kJ/kg 


J Geo water \ 


W; 


in 


Sat. vap. 


Analysis {a) The rate of heat transferred from the water is the 
energy change of the water from inlet to exit 


60°C 


Ql - M w (h W} i ~ h w 2 ) - (0.065 kg/s)(25 1.18 - 167.53) kJ/kg = 5.437 kW 
The energy increase of the refrigerant is equal to the energy decrease of the water in the evaporator. That is, 

Q l 5.437 kW 


Q, =m R (h 1 — /z, ) >th R = 

L R 2 1 R h 2 -h x (257.27 -96.55) kJ/kg 

( b ) The heating load is 

Q h =Q l + W m =5.437 + 1.6 = 7.04 kW 

(c) The COP of the heat pump is determined from its definition, 


0.0338 kg/s 


C 0 P=&L = 7 04kw 


4.40 


W in 1.6 kW 

(d) The COP of a reversible heat pump operating between the same temperature limits is 

1 1 


COP 


max 


= 9.51 


\-T l /T h 1 - (25 + 273) /(60 + 273) 

Then, the minimum power input to the compressor for the same refrigeration load would be 

Q h 7.04 kW 


W; 


in, nun 


COP 


max 


9.51 


0.740 kW 
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6-153 A heat pump is used as the heat source for a water heater. The rate of heat supplied to the water and the minimum 
power supplied to the heat pump are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The kinetic and potential energy changes are zero. 

Properties The specific heat and specific volume of water at room temperature are c p = 4.18 kJ/kg.K and (/=0.001 m 3 /kg 
(Table A-3). 

Analysis (a) An energy balance on the water heater gives the rate of heat supplied to the water 


Qh =»>c p (T 2 ~ t \ ) 
= -c p {T 2 -T x ) 

V 


(0.02/ 60) m 3 /s 
0.001 m 3 /kg 


(4. 18 kJ/kg.°C)(50 -10) °C 


= 55.73 kW 


(b) The COP of a reversible heat pump operating between 
the specified temperature limits is 


COP 


1 


1 


max 


1 ~T l /T h 1 - (0 + 273) /(30 + 273) 


= 10.1 



Then, the minimum power input would be 


W, 


Qh 


in, min 


COP 


max 


55.73 kW 
10.1 


5.52 kW 
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6-154 A heat pump receiving heat from a lake is used to heat a house. The minimum power supplied to the heat pump and 
the mass flow rate of lake water are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The kinetic and potential energy changes are zero. 

Properties The specific heat of water at room temperature is c p = 4.18 kJ/kg.K (Table A-3). 

Lake water 



Analysis (a) The COP of a reversible heat pump operating between the specified temperature limits is 

1 1 


COP 


max 


1 -T l / T h 1 - (6 + 273) /(27 + 273) 

Then, the minimum power input would be 

Q h (64,000/ 3600) kW 


= 14.29 


W; 


in, min 


COP max 14.29 


1 .244 kW 


( b ) The rate of heat absorbed from the lake is 

Ql =Qh - < min =17.78-1.244 =16.53 kW 
An energy balance on the heat exchanger gives the mass flow rate of lake water 

Q l 16.53 kJ/s 


m 


water 


c a AT (4. 1 8 kJ/kg.°C)(5 °C) 


= 0.791 kg/s 
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6-155 It is to be proven that a refrigerator's COP cannot exceed that of a completely reversible refrigerator that shares the 
same thermal-energy reservoirs. 

Assumptions The refrigerator operates steadily. 

Analysis We begin by assuming that the COP of the general refrigerator B is greater than that of the completely reversible 
refrigerator A, COPg > COP^. When this is the case, a rearrangement of the coefficient of performance expression yields 



Ql < Ql 
CO? B CO? A 



That is, the magnitude of the work required to drive 
refrigerator B is less than that needed to drive completely 
reversible refrigerator^. Applying the first law to both 
refrigerators yields 

Qh,b < Qh,a 

since the work supplied to refrigerator B is less than that 
supplied to refrigerator^, and both have the same cooling 
effect, Q l . 

Since A is a completely reversible refrigerator, we 
can reverse it without changing the magnitude of the heat 
and work transfers. This is illustrated in the figure below. 
The heat, Q L , which is rejected by the reversed refrigerator 
A can now be routed directly to refrigerator B. The net 
effect when this is done is that no heat is exchanged with 
the T l reservoir. The magnitude of the heat supplied to the 
reversed refrigerator^, Q HA has been shown to be larger 
than that rejected by refrigerator B. There is then a net heat 
transfer from the T H reservoir to the combined device in 
the dashed lines of the figure whose magnitude is given by 
Qh,a ~ Qh,b • Similarly, there is a net work production by 
the combined device whose magnitude is given by W A - 




The combined cyclic device then exchanges heat with a reservoir at a single temperature and produces work which is 
clearly a violation of the Kelvin-Planck statement of the second law. Our assumption the COP# > COP^ must then be 
wrong. 
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6-156 It is to be proven that the COP of all completely reversible refrigerators must be the same when the reservoir 
temperatures are the same. 

Assumptions The refrigerators operate steadily. 

Analysis We begin by assuming that COP^ < COP#. When this is the case, a rearrangement of the coefficient of 
performance expression yields 

Q, Q i 

W A = = W R 

COP^f COP# 

That is, the magnitude of the work required to drive 
refrigerator A is greater than that needed to drive refrigerator B. 

Applying the first law to both refrigerators yields 

Qh,a > Qh,b 

since the work supplied to refrigerator A is greater than that 
supplied to refrigerator B , and both have the same cooling 
effect, Q l . 

Since A is a completely reversible refrigerator, we can 
reverse it without changing the magnitude of the heat and work 
transfers. This is illustrated in the figure below. The heat, Q L , 
which is rejected by the reversed refrigerator A can now be 
routed directly to refrigerator B. The net effect when this is 
done is that no heat is exchanged with the T L reservoir. The 
magnitude of the heat supplied to the reversed refrigerator A, W A -W B <4 
Q ha has been shown to be larger than that rejected by 
refrigerator B. There is then a net heat transfer from the T H 
reservoir to the combined device in the dashed lines of the 
figure whose magnitude is given by Q HA - Q h ,b • Similarly, 
there is a net work production by the combined device whose 
magnitude is given by W A - W B . 

The combined cyclic device then exchanges heat with a reservoir at a single temperature and produces work which is 
clearly a violation of the Kelvin-Planck statement of the second law. Our assumption the COP^ < COP# must then be 
wrong. 

If we interchange A and B in the previous argument, we would conclude that the COP# cannot be less than COP^. 
The only alternative left is that 

COP^ = COP# 
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6-157 An expression for the COP of a completely reversible heat pump in terms of the thermal-energy reservoir 
temperatures, T L and T H is to be derived. 

Assumptions The heat pump operates steadily. 

Analysis Application of the first law to the completely reversible heat pump yields 


W, 


net, in 


= Qh-Ql 


This result may be used to reduce the coefficient of performance, 

Qh Qh 1 


COP 


HP, rev 


w. 


net, in 


Qh-Ql x ~Ql /Qh 


Since this heat pump is completely reversible, the thermodynamic definition of 
temperature tells us that, 

Ql t l 


Qh T 


H 


When this is substituted into the COP expression, the result is 



COP 


T 


HP, rev 


H 


1 -T l !T h T h -T l 


6-158 A Carnot heat engine is operating between specified temperature limits. The source temperature that will double the 
efficiency is to be determined. 

5i» 

Analysis Denoting the new source temperature by T H , the thermal efficiency of the Carnot heat engine for both cases can 
be expressed as 


7th, c ~ 1 




L 


T> 


H 


T 

and 7th, c=!-:pr 


= 2 7th, 


c 


Substituting, 


T , 


= 2 


T 


H 


Tr 


V T h J 


Solving for T h , 


j* _ Tr Tl 
H T h -2T l 


which is the desired relation. 
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6-159 A Carnot cycle is analyzed for the case of temperature differences in the boiler and condenser. The ratio of overall 
temperatures for which the power output will be maximum, and an expression for the maximum net power output are to be 
determined. 


Analysis It is given that 

Q h = {hA) H [t h ~T h ). 
Therefore, 


or, 


W = 7th Qh = 
W 


r T * ^ 

i-4 


77 


(hA) H (T H -f H ) = 


r T * n 

i-4 


Mh T h 


V ~H J 

* \r 


Ti 


(hA) H 


f r * ^ 

1-4 


l- 7 * 


r, 


H J 


T ^ 

1-4 


T, 


H 


= (l - r)x 


H J 

( 1 ) 


T, 


H 


T, 


H 


where we defined r and x as r = T,*/Tu and x = 1 - Tu ZTu. 


For a reversible cycle we also have 


T 


H 


Tr 


Qh_ } 1 _ Mg (jn - Th) Mg T h (l - T' h / T h ) 

Ql r {hA) L [Tl-T L ) (i hA) L T H (r L IT H -T L IT 


H 


but 


T\ 


T 


H 


li 7 ! 

Th T h 


= r( 1 - x) . 






Substituting into above relation yields 

1 (/l 4) h x 

7 = [hA) L [r(\-x)-T L IT H ] 

Solving for x, 

x - r ~ T L IT H 1 2 \ 

r[(hA) H l{hA) L +\] 


Substitute (2) into (1): 


W = (hA) H T H {l-r) 


r~T L !T H 
r \(hA) H KhA), + l] 



Taking the partial derivative 


dW 

dr 


holding everything else constant and setting it equal to zero gives 


Tr 


r = 


T 


H 


f T \ l A 

1 L 

\ t h j 



which is the desired relation. The maximum net power output in this case is determined by substituting (4) into (3). It 
simplifies to 


W, 


max 


Nff Th 

1 + {hA) H /(hA) L 


r rp \ / 2 

1 L 

\ t h j 


1 2 

- 
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6-160 The label on a washing machine indicates that the washer will use $85 worth of hot water if the water is heated by a 
90% efficiency electric heater at an electricity rate of $0. 09/kWh. If the water is heated from 18°C to 45°C, the amount of 
hot water an average family uses per year, in metric tons, is 

(a) 11.6 tons (b) 15.8 tons (c) 27.1 tons (d) 30.1 tons (e) 33.5 tons 

Answer (b) 27.1 tons 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Eff=0.90 

C=4.1 8 "kJ/kg-C" 

T1=18 "C" 

T2=45 "C" 

Cost=85 "$" 

Price=0.09 "$/kWh” 

Ein=(Cost/Price)*3600 "kJ" 

Ein=m*C*(T2-T1)/Eff "kJ" 

"Some Wrong Solutions with Common Mistakes:" 
Ein=W1_m*C*(T2-T1)*Eff "Multiplying by Eff instead of dividing" 
Ein=W2_m*C*(T2-T1) "Ignoring efficiency" 
Ein=W3_m*(T2-T1)/Eff "Not using specific heat" 
Ein=W4_m*C*(T2+T 1 )/Eff "Adding temperatures" 
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6-161 A 2.4-m high 200-nr house is maintained at 22°C by an air-conditioning system whose COP is 3.2. It is estimated 
that the kitchen, bath, and other ventilating fans of the house discharge a houseful of conditioned air once every hour. If the 
average outdoor temperature is 32°C, the density of air is 1.20 kg/m 3 , and the unit cost of electricity is $0.1 0/kWh, the 
amount of money “vented out” by the fans in 10 hours is 

(a) $0.50 (b) $1.60 (c) $5.00 (d) $11.00 (e) $16.00 

Answer (a) $0.50 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

COP=3.2 
T1=22 "C" 

T2=32 "C" 

Price=0.10 "$/kWh" 

Cp=1 .005 "kJ/kg-C" 
rho=1 .20 "kg/m A 3" 

V=2. 4*200 "m A 3" 
m=rho*V 
m_total=m*1 0 

Ein=m_total*Cp*(T2-T 1 )/COP "kJ” 

Cost=(Ein/3600)*Price 

"Some Wrong Solutions with Common Mistakes:" 

W1 _Cost=(Price/3600)*m_total*Cp*(T2-T 1 )*COP "Multiplying by Eff instead of dividing" 
W2_Cost=(Price/3600)*m_total*Cp*(T2-T 1 ) "Ignoring efficiency" 

W3_Cost=(Price/3600)*m*Cp*(T2-T 1 )/COP "Using m instead of m_total" 
W4_Cost=(Price/3600)*m_total*Cp*(T2+T1 )/COP "Adding temperatures" 


6-162 The drinking water needs of an office are met by cooling tab water in a refrigerated water fountain from 23°C to 6°C 
at an average rate of 10 kg/h. If the COP of this refrigerator is 3.1, the required power input to this refrigerator is 

(a) 197 W (b) 612 W (c) 64 W (d) 109 W (e) 403 W 

Answer (c) 64 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


COP=3.1 

Cp=4.1 8 "kJ/kg-C" 

T1=23 "C" 

T2=6 "C" 

m_dot=1 0/3600 "kg/s" 

Q_L=m_dot*Cp*(T 1 -T2) "kW" 

W_in=Q_L*1 000/COP "W" 

"Some Wrong Solutions with Common Mistakes:" 

W1 _Win=m_dot*Cp*(T 1 -T2) *1000*COP "Multiplying by COP instead of dividing" 
W2_Win=m_dot*Cp*(T 1 -T2) *1000 "Not using COP" 

W3_Win=m_dot*(T1-T2) *1000/COP "Not using specific heat" 
W4_Win=m_dot*Cp*(T 1 +T2) *1000/COP "Adding temperatures" 
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6-163 A heat pump is absorbing heat from the cold outdoors at 5°C and supplying heat to a house at 25°C at a rate of 
18,000 kJ/h. If the power consumed by the heat pump is 1.9 kW, the coefficient of performance of the heat pump is 

(a) 1.3 (b) 2.6 (c) 3.0 (d) 3.8 (e) 13.9 

Answer (b) 2.6 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


TL=5 "C" 

TH=25 "C" 

QH=1 8000/3600 "kJ/s" 

Win=1 .9 "kW” 

COP=QH/Win 

"Some Wrong Solutions with Common Mistakes:" 

W1_COP=Win/QH "Doing it backwards" 

W2_COP=TH/(TH-TL) "Using temperatures in C" 

W3_COP=(TH+273)/(TH-TL) "Using temperatures in K" 

W4_COP=(TL+273)/(TH-TL) "Finding COP of refrigerator using temperatures in K" 


6-164 A heat engine cycle is executed with steam in the saturation dome. The pressure of steam is 1 MPa during heat 
addition, and 0.4 MPa during heat rejection. The highest possible efficiency of this heat engine is 

(a) 8.0% (b) 15.6% (c) 20.2% (d) 79.8% (e) 100% 

Answer (a) 8.0% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PH=1 000 "kPa" 

PL=400 "kPa" 

TH=TEMPERATURE(Steam_IAPWS,x=0,P=PH) 
TL=TEMPERATURE(Steam_IAPWS,x=0,P=PL) 
Eta_Carnot=1 -(TL+273)/(TH+273) 

"Some Wrong Solutions with Common Mistakes:" 
W1_Eta_Carnot=1 -PL/PH "Using pressures" 
W2_Eta_Carnot=1-TL/TH "Using temperatures in C" 
W3_Eta_Carnot=TL/TH "Using temperatures ratio" 
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6-165 A heat engine receives heat from a source at 1000°C and rejects the waste heat to a sink at 50°C. If heat is supplied 
to this engine at a rate of 100 kJ/s, the maximum power this heat engine can produce is 

(a) 25.4 kW (b) 55.4 kW (c) 74.6 kW (d) 95.0 kW (e) 100.0 kW 

Answer (c) 74.6 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


TH=1 000 "C" 

TL=50 "C" 

Q_in=100 "kW" 

Eta=1-(TL+273)/(TH+273) 

W_out=Eta*Q_in 

"Some Wrong Solutions with Common Mistakes:" 
W1_W_out=(1-TL/TH)*QJn "Using temperatures in C" 

W2_W_out=Q_in "Setting work equal to heat input" 

W3_W_out=Q_in/Eta "Dividing by efficiency instead of multiplying" 

W4_W_out=(TL+273)/(TH+273)*Q_in "Using temperature ratio" 


6-166 A heat pump cycle is executed with R-134a under the saturation dome between the pressure limits of 1.4 MPa and 
0.16 MPa. The maximum coefficient of performance of this heat pump is 

(a) 1.1 (b) 3.8 (c) 4.8 (d) 5.3 (e) 2.9 

Answer (c)4.8 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PH=1400 "kPa" 

PL=160 "kPa" 

TH=TEMPERATURE(R134a,x=0,P=PH) "C" 
TL=TEMPERATURE(R1 34a,x=0,P=PL) "C" 
COP_HP=(TH+273)/(TH-TL) 


"Some Wrong Solutions with Common Mistakes:" 

W1_COP=PH/(PH-PL) "Using pressures" 

W2_COP=TH/(TH-TL) "Using temperatures in C" 

W3_COP=TL/(TH-TL) "Refrigeration COP using temperatures in C" 
W4_COP=(TL+273)/(TH-TL) "Refrigeration COP using temperatures in K" 
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6-167 A refrigeration cycle is executed with R-134a under the saturation dome between the pressure limits of 1.6 MPa and 
0.2 MPa. If the power consumption of the refrigerator is 3 kW, the maximum rate of heat removal from the cooled space of 
this refrigerator is 

(a) 0.45 kJ/s (b) 0.78 kJ/s (c) 3.0 kJ/s (d) 11.6 kJ/s (e) 14.6 kJ/s 

Answer (d) 11.6 kJ/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PH=1 600 "kPa" 

PL=200 "kPa" 

W_in=3 "kW" 

TH=TEMPERATURE(R1 34a,x=0,P=PH) "C" 

TL=TEMPERATURE(R1 34a,x=0,P=PL) "C" 

COP=(TL+273)/(TH-TL) 

QL=W_in*COP "kW" 

"Some Wrong Solutions with Common Mistakes:" 

W1 _QL=W_in*TL/(TH-TL) "Using temperatures in C" 

W2_QL=W_in "Setting heat removal equal to power input" 

W3_QL=W_in/COP "Dividing by COP instead of multiplying" 

W4_QL=WJn*(TH+273)/(TH-TL) "Using COP definition for Heat pump" 


6-168 A heat pump with a COP of 3.2 is used to heat a perfectly sealed house (no air leaks). The entire mass within the 
house (air, furniture, etc.) is equivalent to 1200 kg of air. When running, the heat pump consumes electric power at a rate of 
5 kW. The temperature of the house was 7°C when the heat pump was turned on. If heat transfer through the envelope of 
the house (walls, roof, etc.) is negligible, the length of time the heat pump must run to raise the temperature of the entire 
contents of the house to 22°C is 

(a) 13.5 min (b) 43.1 min (c) 138 min (d) 18.8 min (e) 808 min 

Answer (a) 13.5 min 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


COP=3.2 

Cv=0.718 "kJ/kg.C" 
m=1 200 "kg" 

T1=7 "C" 

T2=22 "C" 

QH=m*Cv*(T2-T 1 ) 

Win=5 "kW" 

Win*time=QH/COP/60 

"Some Wrong Solutions with Common Mistakes:" 

Win*W1_time*60=m*Cv*(T2-T 1 ) *COP "Multiplying by COP instead of dividing" 
Win*W2_time*60=m*Cv*(T2-T 1 ) "Ignoring COP" 

Win*W3_time=m*Cv*(T2-T1) /COP "Finding time in seconds instead of minutes" 
Win*W4_time*60=m*Cp*(T2-T1) /COP "Using Cp instead of Cv" 

Cp=1 .005 "kJ/kg.K" 
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6-169 A heat engine cycle is executed with steam in the saturation dome between the pressure limits of 7 MPa and 2 MPa. 
If heat is supplied to the heat engine at a rate of 150 kJ/s, the maximum power output of this heat engine is 

(a) 8. 1 kW (b) 19.7 kW (c) 38.6 kW (d) 107 kW (e) 130 kW 

Answer (b) 19.7 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PH=7000 "kPa" 

PL=2000 "kPa" 

Q_in=150 "kW" 

TH=TEMPERATURE(Steam_IAPWS,x=0,P=PH) "C" 
TL=TEMPERATURE(Steam_IAPWS,x=0,P=PL) "C" 
Eta=1-(TL+273)/(TH+273) 

W_out=Eta*Q_in 

"Some Wrong Solutions with Common Mistakes:" 
W1_W_out=(1-TL/TH)*QJn "Using temperatures in C" 

W2_W_out=(1 -PL/PH)*QJn "Using pressures" 

W3_W_out=Q_in/Eta "Dividing by efficiency instead of multiplying" 
W4_W_out=(TL+273)/(TH+273)*Q_in "Using temperature ratio" 


6-170 An air-conditioning system operating on the reversed Camot cycle is required to remove heat from the house at 
a rate of 32 kJ/s to maintain its temperature constant at 20°C. If the temperature of the outdoors is 35°C, the power 
required to operate this air-conditioning system is 

(a) 0.58 kW (b) 3.20 kW (c)1.56kW (d)2.26kW (e)1.64kW 

Answer (e) 1.64 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


TL=20 "C" 

TH=35 "C" 

QL=32 "kJ/s" 

COP=(TL+273)/(TH-TL) 

COP=QL/Win 

"Some Wrong Solutions with Common Mistakes:" 
QL=W1_Win*TL/(TH-TL) "Using temperatures in C" 

QL=W2_Win "Setting work equal to heat input" 

QL=W3_Win/COP "Dividing by COP instead of multiplying" 

QL=W4_Win*(TH+273)/(TH-TL) "Using COP of HP" 
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6-171 A refrigerator is removing heat from a cold medium at 3°C at a rate of 7200 kJ/h and rejecting the waste heat to a 
medium at 30°C. If the coefficient of performance of the refrigerator is 2, the power consumed by the refrigerator is 

(a)O.lkW (b) 0.5 kW (c)l.OkW (d) 2.0 kW (e) 5.0 kW 

Answer (c) 1 .0 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


TL=3 "C" 

TH=30 "C" 

QL=7200/3600 "kJ/s" 

COP=2 

QL=Win*COP 

"Some Wrong Solutions with Common Mistakes:" 
QL=W1_Win*(TL+273)/(TH-TL) "Using Carnot COP" 

QL=W2_Win "Setting work equal to heat input" 

QL=W3_Win/COP "Dividing by COP instead of multiplying" 

QL=W4_Win*TL/(TH-TL) "Using Carnot COP using C" 


6-172 Two Carnot heat engines are operating in series such that the heat sink of the first engine serves as the heat source of 
the second one. If the source temperature of the first engine is 1300 K and the sink temperature of the second engine is 300 
K and the thermal efficiencies of both engines are the same, the temperature of the intermediate reservoir is 

(a) 625 K (b) 800 K (c) 860 K (d) 453 K (e) 758 K 

Answer (a) 625 K 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


TH=1 300 "K" 

TL=300 "K" 

"Setting thermal efficiencies equal to each other:" 

1 -T mid/TH=1 -TL/T mid 

"Some Wrong Solutions with Common Mistakes:" 
W1_Tmid=(TL+TH)/2 "Using average temperature" 
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6-173 Consider a Carnot refrigerator and a Carnot heat pump operating between the same two thermal energy reservoirs. If 
the COP of the refrigerator is 3.4, the COP of the heat pump is 

(a) 1.7 (b) 2.4 (c) 3.4 (d) 4.4 (e) 5.0 

Answer (d) 4.4 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


COP_R=3.4 

COP_HP=COP_R+1 

"Some Wrong Solutions with Common Mistakes:" 
W1_COP=COP_R-1 "Subtracting 1 instead of adding 1" 
W2_COP=COP_R "Setting COPs equal to each other" 


6-174 A typical new household refrigerator consumes about 680 kWh of electricity per year, and has a coefficient of 
performance of 1 .4. The amount of heat removed by this refrigerator from the refrigerated space per year is 

(a) 952 MJ/yr (b) 1749 MJ/yr (c) 2448 MJ/yr (d) 3427 MJ/yr (e) 4048 MJ/yr 

Answer ( d) 3427 MJ/yr 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


W_in=680*3.6 "MJ” 

COP_R=1 .4 
QL=W_in*COP_R "MJ" 

"Some Wrong Solutions with Common Mistakes:" 
W1_QL=W_in*COP_R/3.6 "Not using the conversion factor" 
W2_QL=W_in "Ignoring COP" 

W3_QL=W_in/COP_R "Dividing by COP instead of multiplying" 
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6-175 A window air conditioner that consumes 1 kW of electricity when running and has a coefficient of performance of 3 
is placed in the middle of a room, and is plugged in. The rate of cooling or heating this air conditioner will provide to the 
air in the room when running is 

(a) 3 kJ/s, cooling (b) 1 kJ/s, cooling (c) 0.33 kJ/s, heating ( d) 1 kJ/s, heating (e) 3 kJ/s, heating 

Answer (d) 1 kJ/s, heating 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


W_in=1 "kW" 

COP=3 

"From energy balance, heat supplied to the room is equal to electricity consumed," 
E_supplied=W_in "kJ/s, heating" 

"Some Wrong Solutions with Common Mistakes:" 

W1_E=-W_in "kJ/s, cooling" 

W2_E=-COP*W_in "kJ/s, cooling" 

W3_E=W_in/COP "kJ/s, heating" 

W4_E=COP*W_in "kJ/s, heating" 
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Entropy and the Increase of Entropy Principle 
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7-1C No. A system may produce more (or less) work than it receives during a cycle. A steam power plant, for example, 
produces more work than it receives during a cycle, the difference being the net work output. 


7-2C The entropy change will be the same for both cases since entropy is a property and it has a fixed value at a fixed 
state. 


7-3C No. In general, that integral will have a different value for different processes. However, it will have the same value 
for all reversible processes. 


7-4C That integral should be performed along a reversible path to determine the entropy change. 


7-5C No. An isothermal process can be irreversible. Example: A system that involves paddle-wheel work while losing an 
equivalent amount of heat. 


7-6C The value of this integral is always larger for reversible processes. 


7-7C No. Because the entropy of the surrounding air increases even more during that process, making the total entropy 
change positive. 


7-8C It is possible to create entropy, but it is not possible to destroy it. 


7-9C If the system undergoes a reversible process, the entropy of the system cannot change without a heat transfer. 
Otherwise, the entropy must increase since there are no offsetting entropy changes associated with reservoirs exchanging 
heat with the system. 


7-10C The claim that work will not change the entropy of a fluid passing through an adiabatic steady-flow system with a 
single inlet and outlet is true only if the process is also reversible. Since no real process is reversible, there will be an 
entropy increase in the fluid during the adiabatic process in devices such as pumps, compressors, and turbines. 


7-11C Sometimes. 
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7-12C Never. 


7-13C Always. 


7-14C Increase. 


7-15C Increases. 


7-16C Decreases. 


7-17C Sometimes. 


7-18C Greater than. 


7-19C Yes. This will happen when the system is losing heat, and the decrease in entropy as a result of this heat loss is 
equal to the increase in entropy as a result of irreversibilities. 


7-20C They are heat transfer, irreversibilities, and entropy transport with mass. 
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7-21E The source and sink temperatures and the entropy change of the sink for a completely reversible heat engine are 
given. The entropy decrease of the source and the amount of heat transfer from the source are to be determined. 

Assumptions The heat engine operates steadily. 

Analysis According to the increase in entropy principle, the entropy change of the source 
must be equal and opposite to that of the sink. Hence, 

A S H =-A S L = -10 Btu/R 

Applying the definition of the entropy to the source gives 

q h = T h AS h = (1 500 R)(- 10 Btu/R) = -1 5,000 Btu 

which is the heat transfer with respect to the source, not the device. 


7-22 The source and sink temperatures and the entropy change of the sink for a completely reversible heat engine are 
given. The amount of heat transfer from the source are to be determined. 

Assumptions The heat engine operates steadily. 

Analysis According to the increase in entropy principle, the entropy change of the source 
must be equal and opposite to that of the sink. Hence, 

A S H =-A S L = -20 kJ/K 

Applying the definition of the entropy to the source gives 

Q h = T h AS h =(1 000 K)(-20kJ/K) = -20,000 kJ 
which is the heat transfer with respect to the source, not the device. 




7-23E The operating conditions of a heat engine are given. The entropy change of all components and the work input are 
to be calculated and it is to be determined if this heat engine is reversible. 


Assumptions The heat engine operates steadily. 
Analysis The entropy change of all the components is 

AS total = ^H + + AS device 


where the last term is zero each time the engine completes a cycle. Applying 
the definition of the entropy to the two reservoirs reduces this to 


Q h Q l -200,000 Btu 100,000 Btu 


1500 R 


600 R 


- 33.3 Btu/R 



Since the entropy of everything involved with this engine has increased, the engine is not reversible, but possible. Applying 
the first law to this engine, 

W net =Q h ~Ql= 200,000 Btu - 1 00,000 Btu = 1 00,000 Btu 
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7-24 Air is compressed steadily by a compressor. The air temperature is maintained constant by heat rejection to the 
surroundings. The rate of entropy change of air is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Air is an ideal gas. 4 The process involves no internal irreversibilities such as friction, and thus it is an 
isothermal, internally reversible process. 

Properties Noting that h = h(T) for ideal gases, we have h x = h 2 since T X = T 2 = 25 °C. 

Analysis We take the compressor as the system. Noting that the enthalpy of air remains constant, the energy balance for 
this steady-flow system can be expressed in the rate form as 


^in ^out 

V 

Rate of net energy transfer 
by heat, work, and mass 


A 77 *0 (steady) 

system 

v, J 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 




'fn = Gout 


Therefore, 

Gout =^in =30kW 

Noting that the process is assumed to be an isothermal and internally 
reversible process, the rate of entropy change of air is determined to be 



AS air 


Q 


out, air 



30 kW 
298 K 


= -0.101 kW/K 


7-25 Heat is transferred directly from an energy-source reservoir to an energy-sink. The entropy change of the two 
reservoirs is to be calculated and it is to be determined if the increase of entropy principle is satisfied. 


Assumptions The reservoirs operate steadily. 

Analysis The entropy change of the source and sink is given by 


AS = 


Qh_ + Ql 

T h T l 


-lOOkJ 
1200 K 


100 kJ 
600 K 


= 0.0833 kJ/K 


Since the entropy of everything involved in this process has 
increased, this transfer of heat is possible. 


I200KT) 

100 kJ 
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7-26 It is assumed that heat is transferred from a cold reservoir to the hot reservoir contrary to the Clausius statement of the 
second law. It is to be proven that this violates the increase in entropy principle. 

Assumptions The reservoirs operate steadily. 


Analysis According to the definition of the entropy, the entropy change of the 
high- temperature reservoir shown below is 


AS 


H 


_Q 

T„ 


100 kJ 
1200 K 


= 0.08333 kJ/K 


and the entropy change of the low-temperature reservoir is 


as l 


Q_ 

T L 


-100 kJ 
600 K 


= -0.1667 kJ/K 



The total entropy change of everything involved with this system is then 
AS total =A S H +A S L = 0.08333 - 0. 1667 = -0.0833 kJ/K 


which violates the increase in entropy principle since the total entropy change is negative. 


7-27 A reversible heat pump with specified reservoir temperatures is considered. The entropy change of two reservoirs is to 
be calculated and it is to be determined if this heat pump satisfies the increase in entropy principle. 


Assumptions The heat pump operates steadily. 

Analysis Since the heat pump is completely reversible, the combination of the coefficient of 
performance expression, first Law, and thermodynamic temperature scale gives 


COP 


HP, rev 


i ~t l /t h 


= 17.47 

1 - (280 K) 1(291 K) 


The power required to drive this heat pump, according to the coefficient of 
performance, is then 


W. 


Q 


H 


net, in 


COP 


HP, rev 


300 kW 
17.47 


= 17.17 kW 


24°C 

A L 

300 kW 



CL 7°C 


According to the first law, the rate at which heat is removed from the low-temperature energy reservoir is 
Q l =Q h - Vf net in = 300 kW - 17.17 kW = 282.8 kW 


The rate at which the entropy of the high temperature reservoir changes, according to the definition of the entropy, is 


A S H = 


Q h 300 kW 
T h ~ 297 K 


1 .01 kW/K 


and that of the low-temperature reservoir is 

-1 .01 kW/K 


A - G, = -m7kw 


T, 


280 K 


The net rate of entropy change of everything in this system is 
A S tota{ =A S H +A S L =1.01-1.01 = 0kW/K 


as it must be since the heat pump is completely reversible. 
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7-28E Heat is transferred isothermally from the working fluid of a Camot engine to a heat sink. The entropy change of the 
working fluid is given. The amount of heat transfer, the entropy change of the sink, and the total entropy change during the 
process are to be determined. 


Analysis ( a ) This is a reversible isothermal process, and the entropy change 
during such a process is given by 



T 


Noting that heat transferred from the working fluid is equal to the heat 
transferred to the sink, the heat transfer become 



Gfluid = = ( 555 R X-0-7 Btu/R)= -388.5 Btu -> e fluid , out = 388.5 Btu 


( b ) The entropy change of the sink is determined from 


A^sink “ 


^sink, 


in 


388.5 Btu 


T 

J sink 


0.7 Btu/R 


555 R 

(c) Thus the total entropy change of the process is 

1 

'gen 


S no „ - AS total - AS fluid + AA sink - -0.7 + 0.7-0 


This is expected since all processes of the Camot cycle are reversible processes, and no entropy is generated during a 
reversible process. 


7-29 R-134a enters an evaporator as a saturated liquid-vapor at a specified pressure. Heat is transferred to the refrigerant 
from the cooled space, and the liquid is vaporized. The entropy change of the refrigerant, the entropy change of the cooled 
space, and the total entropy change for this process are to be determined. 

Assumptions 1 Both the refrigerant and the cooled space involve no internal irreversibilities such as friction. 2 Any 
temperature change occurs within the wall of the tube, and thus both the refrigerant and the cooled space remain isothermal 
during this process. Thus it is an isothermal, internally reversible process. 

Analysis Noting that both the refrigerant and the cooled space undergo reversible isothermal processes, the entropy change 
for them can be determined from 



(a) The pressure of the refrigerant is maintained constant. Therefore, the temperature of the refrigerant also remains 
constant at the saturation value, 

T = ^sat@i60 kPa = -15.6°C = 257.4 K (Table A-12) 

Then, AS, = 0.699 kJ/K 

* refrigerant 2 J / .4 JV 

(, b ) Similarly, 

AS = _ = -0.672 kJ/K 

Tpacc 268 K 

(c) The total entropy change of the process is 

Sgen = AS total = AA refrigerant + AS space = 0.699 - 0.672 = 0.027 kJ/K 
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Entropy Changes of Pure Substances 

7-30C Yes, because an internally reversible, adiabatic process involves no irreversibilities or heat transfer. 


7-31E A piston-cylinder device that is filled with water is heated. The total entropy change is to be determined. 
Analysis The initial specific volume is 

c/j = L_ = 25ft = 1.25 ft 3 /lbm 
m 2 lbm 

which is between v f and i/ ? for 300 psia. The initial quality and the entropy are then 
(Table A-5E) 

*'!-*'/ (1.25-0.01890)ft 3 /lbm n 

v fg (1.5435-0.01890) ft 3 /lbm 


H 2 0 
300 psia 
2 lbm 
2.5 ft 3 


Sj =s f +x 1 s fg = 0.58818 Btu/lbm-R + (0.8075)(0.92289 Btu/lbmR) = 1.3334 Btu/lbm-R 


The final state is superheated vapor and 
T 2 = 500°F 

2 } s 7 =1.5706 Btu/lbm-R (Table A- 6E) 

P 2 = P\ =300 psia 


Hence, the change in the total entropy is 
AS = m(s 2 — Si ) 

= (2 lbm)(l .5706 - 1.3334) Btu/lbm • R 

= 0.4744 Btu/R 



7-32 An insulated rigid tank contains a saturated liquid-vapor mixture of water at a specified pressure. An electric heater 
inside is turned on and kept on until all the liquid vaporized. The entropy change of the water during this process is to be 
determined. 


Analysis From the steam tables (Tables A-4 through A-6) 

P x =150 kPa 1 i/j =v f + x l v fg = 0.001053 + (0.25)(l . 1 594 - 0.001053) = 0.29065 m 3 /kg 
x x =0.25 J s x =s f +x x s fg =1.4337 + (0.25X5.7894) =2.88 10 kJ/kg-K 


v 2 =v x 
sat. vapor 


=6.7298 kJ/kg-K 


Then the entropy change of the steam becomes 

A S = m(s 2 -s x )=( 5 kg)(6.7298 - 2.8810) kJ/kg • K = 19.2 kJ/K 
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7-33 A rigid tank is divided into two equal parts by a partition. One part is filled with compressed liquid water while 
the other side is evacuated. The partition is removed and water expands into the entire tank. The entropy change of the 
water during this process is to be determined. 


Analysis The properties of the water are (Table A-4) 

P x =400 kPa 1 1 /[ £i/ /@60 = c = 0.001017m 3 /kg 
T t = 60°C I*, = s f@60 o C = 0.8313 kJ/kg • K 

Noting that 

i/ 2 = 2</j =(2X0.001017) = 0.002034 m 3 /kg 


2.5 kg 
compressed 
liquid 


Vacuum 

400 kPa 


60°C 



Pi 

c / 2 


= 40 kPa 

= 0.002034 m 3 /kg 


x 2 

s 2 


l/-> — C/ 


/ 


(/ 


fg 


0.002034-0.001026 

3.993-0.001026 


= 0.0002524 


= s f + 


x 2 s k = 1.0261 + (0.0002524X6.6430)= 1.0278 kJ/kg • K 


Then the entropy change of the water becomes 

AS = m(s 2 - «! )= (2.5 kgXl.0278-0.8313)kJ/kg-K = 0.492 kJ/K 
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7-34 ■ fc “ Problem 7-33 is reconsidered. The entropy generated is to be evaluated and plotted as a function of 
surroundings temperature, and the values of the surroundings temperatures that are valid for this problem are to be 
determined. The surrounding temperature is to vary from 0°C to 100°C. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Input Data" 

P[1]=400 [kPa] 

T[1]=60 [C] 
m=2.5 [kg] 

P[2]=40 [kPa] 

Fluid$='Steam IAPWS' 

V[1]=m*spv[1] 

spv[1]=volume(Fluid$,T=T[1], P=P[1 ]) "specific volume of steam at state 1, m A 3/kg" 
s[1]=entropy(Fluid$,T=T[1],P=P[1]) "entropy of steam at state 1, kJ/kgK" 

V[2]=2*V[1] "Steam expands to fill entire volume at state 2" 

"State 2 is identified by P[2] and spv[2]" 
spv[2]=V[2]/m "specific volume of steam at state 2, m A 3/kg" 
s[2]=entropy(Fluid$,P=P[2],v=spv[2]) "entropy of steam at state 2, kJ/kgK" 
T[2]=temperature(Fluid$,P=P[2],v=spv[2]) 

DELTAS_sys=m*(s[2]-s[1]) "Total entopy change of steam, kJ/K" 

"What does the first law tell us about this problem?" 

EJn - E_out = DELTAE_sys "Conservation of Energy for the entire, closed system" 

"neglecting changes in KE and PE for the system:" 

DELTAE_sys=m*(intenergy(Fluid$, P=P[2], v=spv[2]) - intenergy(Fluid$,T=T[1],P=P[1])) 

EJn = 0 

"How do you interpert the energy leaving the system, E_out? Recall this is a constant volume system." 

Q_out = E_out 

"What is the maximum value of the Surroundings temperature?" 

"The maximum possible value for the surroundings temperature occurs when we set S_gen = 0=Delta 
S_sys+sum(DeltaS_surr)" 

Q_net_surr=Q_out 
S_gen = 0 

S_gen = DELTAS_sys+Q_net_surr/(Tsurr+273) 

"Establish a parametric table for the variables S_gen, Q_net_surr, T_surr, and DELTAS_sys. In the Parametric 
Table window select T_surr and insert a range of values. Then place '{' and '}' about the S_gen = 0 line; press 
F3 to solve the table. The results are shown in Plot Window 1 . What values of T_surr are valid for this 
problem?" 



Tsurr 

[Cl 

Cgen 

[kJ/K] 

0 

-0.1222 

10 

-0.1005 

20 

-0.08033 

30 

-0.06145 

40 

-0.04378 

50 

-0.0272 

60 

-0.01162 

70 

0.003049 

80 

0.01689 

90 

0.02997 

100 

0.04235 
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7-35E A cylinder is initially filled with R-134a at a specified state. The refrigerant is cooled and condensed at constant 
pressure. The entropy change of refrigerant during this process is to be determined 


Analysis From the refrigerant tables (Tables A-l IE through A-13E), 

Lj = 0.22361 Btu/lbmR 


P x =120 psia 
T x =100°F 


T 2 = 50°F 


>s 2 =s rr, afx o c = 0.06039 Btu/lbm • R 

2 f @ 90 F 


P 2 =120 psia 

Then the entropy change of the refrigerant becomes 

AS = m(s 2 - Sj )= (2 lbm)(0. 06039 - 0.2236l)Btu/lbm • R = -0.3264 Btu/R 



Q 


7-36 An insulated cylinder is initially filled with saturated liquid water at a specified pressure. The water is heated 
electrically at constant pressure. The entropy change of the water during this process is to be determined. 


Assumptions 1 The kinetic and potential energy changes are negligible. 2 The cylinder is well-insulated and thus heat 
transfer is negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The compression or expansion 
process is quasi-equilibrium. 


Analysis From the steam tables (Tables A-4 through A-6), 


P x = 150 kPa 
sat.liquid 


v i =t/ /@ 150 kPa =0.001053 m 3 /kg 
= ^/@i50kPa = 467.13 kJ/kg 
s i = s /@ 150 kPa = 1 -4337 kJ/kg • K 


Also, 


V 

m = — 


0.005 m 3 
0.001053 m 3 /kg 


= 4.75 kg 



We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The energy 
balance for this stationary closed system can be expressed as 


^in ^out 

V y 

V 

Net energy transfer 
by heat, work, and mass 


A F 

system 

v. J 

V 

Change in internal, kinetic, 
potential, etc. energies 


W e , in -W biOUt =Af7 


W e ,in = rnQh ~ h \) 


since AU + W\> = AH during a constant pressure quasi-equilibrium process. Solving for h 


2 ? 


Thus, 


W e in 2200 kJ 

h> =h x + = 467.13 + = 930.33 kJ/kg 

m 4.75 kg 


P 2 =150 kPa 
h 2 =930.33 kJ/kg J 


,30.33-467.13 =ft2()8 i 


h 


fg 


2226.0 


s 2 = s f +x 2 s fg = 1.4337 + (0.2081X5. 7894)= 2.6384 kJ/kg-K 

Then the entropy change of the water becomes 

AS = m(s 2 - Sj )= (4.75 kg)(2.6384 — 1 . 43 3 7 )kJ/kg • K = 5.72 kJ/K 
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7-37 Entropy change of water as it is cooled at constant pressure is to be determined using Gibbs equation and to be 
compared to steam tables. 

Analysis The Gibbs equation is p 

Tds = dh- udP ( \ 

As water is converted from a saturated liquid to a saturated vapor, both 2 i V 1 

the pressure and temperature remain constant. Then, the Gibbs equation /! ! \ 

reduces to )\ \ 

dh * 1 > s 

ds =Y s f s * 

When the result is integrated between the saturated liquid and saturated vapor states, the result is 


S 8- S f = 


h g hf _h g hf _hf g @ 3ookPa _ 2163.5 kJ/kg 
T ~ T “r sat@300kPa “(133.52 + 273)K 


5.322 kJ/kg K 


Where enthalpy and temperature data are obtained from Table A-5. The entropy change from the steam tables is 
s fg @3 ookPa = 5.320 kJ/kg K (Table A -5) 


The result is practically the same. 


7-38E R-134a is compressed in a compressor during which the entropy remains constant. The final temperature and 
enthalpy change are to be determined. 

Analysis The initial state is saturated vapor and the properties are (Table A-l IE) 

h\ = h g @ o°f = 103.08 Btu/lbm 
s x = s g (a 0 o F = 0.22539 Btu/lbm • R 

The final state is superheated vapor and the properties are (Table A-13E) 

P 2 =60psia 1 T 2 =5 9.3°F 

s 2 = s l = 0.22539 Btu/lbm- R h 2 = 1 12.23 Btu/lbm 

The change in the enthalpy across the compressor is then 
A h = h 2 -h x = 112.23-103.08 = 9.15 Btu/lbm 
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7-39 Water vapor is expanded in a turbine during which the entropy remains constant. The enthalpy difference is to be 
determined. 


7-13 


Analysis The initial state is superheated vapor and thus 


P x = 6 MPa 
T x = 400°C 


h x =3178.3 kJ/kg 
s x = 6.5432 kJ/kg -K 


(Table A - 6 ) 


The entropy is constant during the process. The final state is a mixture since the entropy 
is between Sf and s g for 100 kPa. The properties at this state are (Table A-5) 

„ = = ( 6 -^432- 1.3028) kJ/kg -K = Q ^3 

s fg 6.0562 kJ/kg -K 

h 2 =h f +x 2 h fg =417.51 + (0.8653)(2257.5) = 2370.9 kJ/kg 



s 


The change in the enthalpy across the turbine is then 

A h = h 2 -h x =2370.9 -3 178.3 = -807.4 kJ/kg 


7-40 R-134a undergoes a process during which the entropy is kept constant. The final temperature and internal energy are 
to be determined. 


Analysis The initial entropy is 


T x = 25°C 
P x = 600 kPa 


s x =0.9341 kJ/kg -K (Table A -13) 


The entropy is constant during the process. The final state is a mixture since the entropy 
is between Sf and s g for 100 kPa. The properties at this state are (Table A- 12) 

^2 = -^sat @ 1 00 kPa = -26.37°C 

_ "2 s f _ (0.9341 -0,071 88) kJ/kg -K n ^ nn 
s fg 0.87995 kJ/kg -K 

u 2 =u f +x 2 u fg =17.21 + (0.9799)(197.98) = 211.2 kJ/kg 
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7-41 Refrigerant- 13 4a is is expanded in a turbine during which the entropy remains constant. The inlet and outlet velocities 
are to be determined. 

Analysis The initial state is superheated vapor and thus 


P,.800lPa 1 -0.02997m’/ kg 

T x =6 0°C s j =1.0110 kJ/kg • K 


The entropy is constant during the process. The properties at the exit state are 


P 2 = 1 00 kPa 

s 2 = Sl = 1.01 10 kJ/kg -K 


v 2 =0.2098 m 3 /kg (Table A -13) 



The inlet and outlet veloicites are 


me/, (0.5 kg/s)(0. 02997 m 3 /kg) 

— L — = 0.030 m/s 

A 0.5 m 2 

mt/ 2 _ (0,5 kg/s)(0.2098 m 3 /kg) Q 1Q5 m/g 
A 2 1.0m 2 


7-42 An insulated cylinder is initially filled with superheated steam at a specified state. The steam is compressed in a 
reversible manner until the pressure drops to a specified value. The work input during this process is to be determined. 

Assumptions 1 The kinetic and potential energy changes are negligible. 2 The cylinder is well-insulated and thus heat 
transfer is negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The process is stated to be reversible. 


Analysis This is a reversible adiabatic (i.e., isentropic) process, and thus s 2 = S\. From the steam tables (Tables A-4 through 
A-6), 


p \ 

p \ 

P 2 

s 2 


= 300 kPa 
= 200°C 


v x — 0.71643 m 3 /kg 
u x = 265 1.0 kJ/kg 
s x = 7.3132 kJ/kg -K 


= 1.2 MPa 
= s \ 


\u 2 =2921.6 kJ/kg 


Also, 


(/ 0.02 m 3 

m = — = 

0.71643 m 3 /kg 


0.02792 kg 



H 2 0 
300 kPa 
200°C 


We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The energy 
balance for this adiabatic closed system can be expressed as 

r r a 77 

^in -^out — AA - C 'system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

A, .in =A U =m{u 2 -u x ) 

Substituting, the work input during this adiabatic process is determined to be 
Wb.in =rn(u 2 - Ml) = (0.02792 kg)(2921. 6 -2651.0) kJ/kg =7.55 kj 
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7-43 



Problem 7-42 is reconsidered. The work done on the steam is to be determined and plotted as a function of 


final pressure as the pressure varies from 300 kPa to 1.2 MPa. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Knowns:" 

P_1 = 300 [kPa] 

T_1 = 200 [C] 

V_sys = 0.02 [m A 3] 

"P_2 = 1200 [kPa]" 

"Analysis: " 

Fluid$='SteamJAPWS' 

" Treat the piston-cylinder as a closed system, with no heat transfer in, neglect 

changes in KE and PE of the Steam. The process is reversible and adiabatic thus isentropic." 

"The isentropic work is determined from:" 

EJn - E_out = DELTAE_sys 
E out = 0 [kJ] 

EJn = Workjn 

DELTAE_sys = m_sys*(u_2 - u_1) 
u_1 = INTENERGY(Fluid$,P=P_1 ,T=T_1 ) 
v_1 = volume(Fluid$,P=P_1,T=T_1) 
si = entropy(Fluid$,P=P_1,T=T_1) 

Vsys = m_sys*v_1 

" The process is reversible and adiabatic or isentropic. 
s_2 = s_1 

u_2 = INTENERGY(Fluid$,P=P_2,s=s_2) 

T_2_isen = temperature(Fluid$,P=P_2,s=s_2) 


p 2 

[kPal 

Workjn 

[kJl 

300 

0 

400 

1.366 

500 

2.494 

600 

3.462 

700 

4.314 

800 

5.078 

900 

5.773 

1000 

6.411 



P 2 [kPa] 
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7-44 A cylinder is initially filled with saturated water vapor at a specified temperature. Heat is transferred to the steam, and 
it expands in a reversible and isothermal manner until the pressure drops to a specified value. The heat transfer and the 
work output for this process are to be determined. 

Assumptions 1 The kinetic and potential energy changes are negligible. 2 The cylinder is well-insulated and thus heat 
transfer is negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The process is stated to be reversible 
and isothermal. 

Analysis From the steam tables (Tables A-4 through A-6), 

T’i = 200°C ii\ = u g(a>200°c = 2594.2 kJ/kg 

> 

sat. vapor J s { = £g@ 200 °c = 6.4302 kJ/kg • K 

P 2 = 800 kPa 1 u 2 = 263 1.1 kJ/kg 
T 2 =T { ]s 2 =6.8177 kJ/kg -K 

The heat transfer for this reversible isothermal process can be determined from 

Q = TAS=Tm(s 2 - s t )= (473 K)(1.2 kg)(6.8177 - 6.4302)kJ/kg • K = 219.9 kj 

We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The energy 
balance for this closed system can be expressed as 

fin ~ ^out “ A£system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Gin -^b, out =A U = m(u 2 -u l ) 

Mb, out =G in -'»( M 2- M l) 

Substituting, the work done during this process is determined to be 

W b out = 219.9 kJ- (1.2 kg)(2631. 1-2594.2) kJ/kg = 175.6 kj 
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7-45 



Problem 7-44 is reconsidered. The heat transferred to the steam and the work done are to be determined and 


plotted as a function of final pressure as the pressure varies from the initial value to the final value of 800 kPa. 
Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Knowns:" 

T_1 = 200 [C] 
x_1 = 1.0 
m_sys = 1 .2 [kg] 

{PJZ = 800"[kPa]"} 

"Analysis: " 

Fluid$='Steam_IAPWS' 

" Treat the piston-cylinder as a closed system, neglect changes in KE and PE of the Steam. The process is 
reversible and isothermal ." 

T_2 = T_1 

EJn - E_out = DELTAE_sys 
E_in = Q_in 
E_out = Workout 
DELTAE_sys = m_sys*(u_2 - u_1) 

P_1 = pressure(Fluid$,T=T_1 ,x=1 .0) 
u_1 = INTENERGY(Fluid$,T=T_1,x=1.0) 
v_1 = volume(Fluid$,T=T_1,x=1.0) 
s_1 = entropy(Fluid$,T=T_1 ,x=1 .0) 

V_sys = m_sys*v_1 

" The process is reversible and isothermal. 

Then P_2 and T_2 specify state 2." 
u_2 = INTENERGY(Fluid$,P=P_2,T=T_2) 
s_2 = entropy(Fluid$,P=P_2,T=T_2) 

Q_in= (T_1 +273)*m_sys*(s_2-s_1 ) 



P 2 

[kPa] 


800 

900 

1000 

1100 

1200 

1300 

1400 

1500 

1553 


Qin 

[kJ] 


219.9 

183.7 

150.6 

120 

91.23 

64.08 

38.2 

13.32 

0.4645 


Work out 

[kJ] 


175.7 

144.7 
117 

91.84 

68.85 
47.65 
27.98 
9.605 
0.3319 
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7-46 R-134a undergoes an isothermal process in a closed system. The work and heat transfer are to be determined. 


Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved other than the boundary work. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 


Analysis The energy balance for this system can be 
expressed as 


^in ^out — system 

V ' r V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Win - Gout =A U = m{u 2 -«, ) 


The initial state properties are 




P x = 240 kPa 
T x = 20°C 


u x 

s \ 


246.74 kJ/kg 
1.0134 kJ/kg-K 


(Table A -13) 


For this isothermal process, the final state properties are (Table A-l 1) 

T 2 =T x = 20°C I u 2 =u f +x 2 u fg = 78.86 + (0.20)(162.16) = 11 1.29 kJ/kg 

jc 2 = 0.20 J s 2 =s f +x 2 s fg = 0.30063 + (0.20)(0. 621 72) = 0.42497 kJ/kg-K 

The heat transfer is determined from 

q m = T 0 (s 2 - ^ ) = (293 K)(0.42497 -1.0134) kJ/kg • K = -1 72.4 kJ/kg 
The negative sign shows that the heat is actually transferred from the system. That is, 

4 out =172.4 kJ/kg 

The work required is determined from the energy balance to be 

w [n =q 0 Ut +(u 2 -u x ) = l72A kJ/kg + (1 1 1 .29 - 246.74) kJ/kg = 36.95 kJ/kg 


7-47 The heat transfer during the process shown in the figure is to be determined. 


Assumptions The process is reversible. 

Analysis No heat is transferred during the process 2-3 since the 
area under process line is zero. Then the heat transfer is equal to 
the area under the process line 1-2: 


r t +r 

q X2 = J Tds = Area = — — (s 2 - s x ) 


_ (600 + 273)K + (200 + 273)K 

~ 2 

= 471 kJ/kg 


(1.0 - 0.3)kJ/kg • K 


T 
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7-48E The heat transfer during the process shown in the figure is to be determined. 
Assumptions The process is reversible. 

Analysis Heat transfer is equal to the sum of the areas under the process 1-2 and 2-3. 


7-19 




7-49 The heat transfer during the process shown in the figure is to be determined. 
Assumptions The process is reversible. 

Analysis Heat transfer is equal to the sum of the areas under the process 1-2 and 2-3. 


r J~i | rj~i 

q n = | Tds + | Tds = 1 2 2 0 2 -Si) + r 2 (s 3 -s 2 ) 

1 2 

= (200 + 273)K + (600 + 273)K (03 _ j , 0)kJ/kg . K 

+ [(600 + 273)K](1.0 - 0.3)kJ/kg • K 

= 140 kJ/kg 
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7-20 


7-50 Steam is expanded in an isentropic turbine. The work produced is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is isentropic (i.e., reversible- 
adiabatic). 


Analysis There is only one inlet and one exit, and thus m x = m 2 = m . We take the turbine as the system, which is a control 

volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


^in ^out 

V 

Rate of net energy transfer 
by heat, work, and mass 


a 17 *0 (steady) 

/Ai -' system 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 



mh\ = mh 2 +W out 

^out =m(>h ~ h i) 


2 MPa 



The inlet state properties are 


P x = 2 MPa 
T x = 360°C 


h x =3159.9 kJ/kg 


(Table A -6) 


s { =6.9938 kJ/kg -K 

For this isentropic process, the final state properties are (Table A-5) 

^2 -s f 6.9938-1.3028 

[ X 2 = 

S 2 =s x =6.9938 kJ/kg -K 


6.0562 



> .v 


Sfg 

h 2 =h f +x 2 h fg = 417.51 + (0.9397)(2257.5) = 2538.9 kJ/kg 


Substituting, 

w out =h x -h 2 =(3159.9 -2538.9) kJ/kg = 621.0 kJ/kg 
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7-51 Steam is expanded in an isentropic turbine. The work produced is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is isentropic (i.e., reversible- 
adiabatic). 


Analysis There is one inlet and two exits. We take the turbine as the system, which is a control volume since mass crosses 
the boundary. The energy balance for this steady-flow system can be expressed in the rate form as 


r _ r _ a 'o' ^0 (steady) 

y in ^ out — system 

v ^ v ' 

Rate of net energy transfer Rate 0 f change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

-^in = ^out 

m x h x =m 2 h 2 + m 3 h 3 +W 0Ut 
^out = ™ x h x -rh 2 h 2 -m 3 h 3 
From a mass balance, 


4 MPa 

5 kg/s 


700 kPa 



50 kPa 
100°C 


m 2 = 0.0 5m x = (0.05)(5 kg/s) = 0.25 kg/s 

m 3 = 0.95 m x = (0.95)(5 kg/s) = 4.75 kg/s 

Noting that the expansion process is isentropic, the enthalpies at three 
states are determined as follows: 


P 3 = 50 kPa 
T 3 =100°C 


h 3 = 2682.4 kJ/kg 
£3 =7.6953 kJ/kg -K 


(Table A 


6) 



P x = 4 MPa 

s x =s 3 = 7.6953 kJ/kg -K 


h x =3979.3 kJ/kg (Table A - 6 ) 


P 2 

S 2 


700 kPa 

s 3 = 7.6953 kJ/kg K 


h 2 =3309.1 kJ/kg (Table A - 6 ) 


Substituting, 

Wout =rn l h 1 -m 2 h 2 -m 3 h 3 

= (5 kg/s)(3979.3 kJ/kg) - (0.25 kg/s)(3309. 1 kJ/kg) - (4.75 kg/s)(2682.4 kJ/kg) 

= 6328 kW 
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7-52 Water is compressed in a closed system during which the entropy remains constant. The final temperature and the 
work required are to be determined. 


Analysis The initial state is superheated vapor and thus 


P x = 70 kPa 
T x = 100°C 


u x = 2509.4 kJ/kg 
s x = 7.5344 kJ/kg • K 


(Table A -6) 


The entropy is constant during the process. The properties at the exit state are 


P 2 = 4000 kPa 
s 2 =s x =7.5344 kJ/kg -K 


u 2 =3396.5 kJ/kg 

T 2 =664°C 


(Table A -6) 



To determine the work done, we take the contents of the cylinder as the system. This is a closed system since no mass 
enters or leaves. The energy balance for this stationary closed system can be expressed as 


^in ^out 

V 

Net energy transfer 
by heat, work, and mass 


A F 

system 

V 

Change in internal, kinetic, 
potential, etc. energies 


w in = A u = u 2 - U\ (since Q = KE = PE = 0) 


Substituting, 

w in =u 2 - u x = (3396.5 - 2509.4)kJ/kg = 887.1 kJ/kg 


7-53 Refrigerant- 134a is expanded in a closed system during which the entropy remains constant. The heat transfer and the 
work production are to be determined. 


Analysis The initial state is superheated vapor and thus 


P x = 600 kPa 
T x = 30°C 


u x =249.22 kJ/kg 
s x = 0.9499 kJ/kg • K 


(Table A - 13) 


The entropy is constant during the process. The properties at the exit state are 


P 2 =140 kPa 

s 2 = Sl =0.9499 kJ/kg • K 


u 2 = 220.75 kJ/kg (Table A - 13) 



Since the process is isentropic, and thus the heat transfer is zero. 

Q = 0 kJ 

To determine the work done, we take the contents of the cylinder as the system. This is a closed system since no mass 
enters or leaves. The energy balance for this stationary closed system can be expressed as 

-^in — ^out = ^'system 

V v ' V V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

- W out = A U = m(u 2 -u x ) (since Q = KE = PE = 0) 

Substituting, 

W oul = m(u x -u 2 ) = (0.5 kg)(249.22 - 220.75)kJ/kg = 1 4.2 kJ 
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7-54 Refrigerant- 134a is expanded in an adiabatic turbine reversibly. The process is to be sketched on the T-s diagram and 
the volume flow rate at the exit is to be determined. 


Assumptions The process is steady. 

Analysis (b) Noting that the process is isentropic (constant entropy) the inlet 
and exit states are obtained from R-134a tables (Table A- 12) as follows: 


P x = 1200 kPa 
v, = 1 

A = lOOkPa 


h x = 273.87 kJ/kg 
5! = 0.9130 kJ/kg • K 


So - s 


s 2 =s x = 0.9130 kJ/kg -K 


x 2 = 


f 


0.9130-0.07188 

0.87995 


= 0.9559 



s fg 

h 2 =h f + xh jg =17.28 + 0.9559x217. 16 = 224.87 kJ/kg 

V 2 = v f + xv f, = 0.0007259 + 0.9559 x (0.19254 - 0.0007259) = 0.1841 m 3 /kg 


We take the turbine as the system, which is a control volume since mass crosses the boundary. Noting that one fluid stream 
enters and leaves the turbine, the energy balance for this steady- flow system can be expressed in the rate form as 


ip _ ip — \T7 (steady) _ ,-v 

^in ^ out — LACj system — u 

7 ' v v ' 

Rate ot net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

mh x = mh 2 + W out (since Q = Ake = Ape = 0) 

+ut =m(h\ -h 2 ) 


Solving for the mass flow rate and substituting, 

. W ou , lOOkW 

m = = = 

h x - h 2 (273.87 - 224.87)kJ/kg 

The volume flow rate at the exit is then, 

t/ 2 =mv 2 =(2.041 kg/s)(0. 1841m 3 /kg) 


2.041 kg/s 


= 0.376 m 3 /s 
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7-55 Water vapor is expanded adiabatically in a piston-cylinder device. The entropy change is to be determined and it is to 
be discussed if this process is realistic. 


Analysis (a) The properties at the initial state are 


P, = 600 k Pa I Mj =2566.8 kJ/kg 


X, = 1 


s x =6.7593 kJ/kg K 


(Table A -5) 


We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The energy 
balance for this stationary closed system can be expressed as 


^in ^out 


' system 


Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

- W out = A U = m(u 2 - u x ) (since Q = KE = PE = 0) 


600 kPa 


Solving for the final state internal energy, 


u 2 = u x + 


700 kJ 


= 2566.8 kJ/kg + = 2216.8 kJ/kg 

m 2 kg 



100 kPa 


The entropy at the final state is (from Table A-5) 

p i on up 1 “ 2 ~ U f 2216.8-417.40 

P 2 = 1 00 kPa x 9 = — = = 0.8617 

u - 2216 8 kJ/kg | " 20882 

2 ■ s 2 =s f +xs fg =1.3028 + 0.8617 x 6.0562 = 6.5215 kJ/kg -K 

The entropy change is 

As = s 2 -s x = 6.5215-6.7593 = 0.238 kJ/kg K 


(b) The process is not realistic since entropy cannot decrease during an adiabatic process. In the limiting case of a reversible 
(and adiabatic) process, the entropy would remain constant. 
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7-56 Refrigerant- 134a is compressed in an adiabatic compressor reversibly. The process is to be sketched on the T-s 
diagram and the volume flow rate at the inlet is to be determined. 

Assumptions The process is steady. 


Analysis (b) Noting that the process is isentropic (constant 
entropy) the inlet and exit states are obtained from R-134a 
tables (Tables A- 12 and A- 13) as follows: 


P x = 320 kPa 
x x =\ 


h x = 251.88kJ/kg 
s x = 0.9301 kJ/kg-K 

(/! = 0.06360 m 3 /kg 


P 2 = 1200 kPa 

s 2 = .s', =0.9301 kJ/kg-K 


h 2 = 279.35 kJ/kg 



We take the compressor as the system, which is a control volume since mass crosses the boundary. Noting that one fluid 
stream enters and leaves the compressor, the energy balance for this steady-flow system can be expressed in the rate form 
as 



Rate of net energy transfer 
by heat, work, and mass 


A E 


system 


<p0 (steady) 


V 

Rate of change in internal, kinetic, 
potential, etc. energies 


= 0 


^in — ^out 

mh x + W- m = mh 2 (since Q = Ake = Ape = 0) 
W m =m(h 2 -h x ) 


Solving for the mass flow rate and substituting, 


m = 


W 

r in 

h 2 - h x 


100 kW 

(279.35 - 25 1.88)kJ/kg 


3.640 kg/s 


The volume flow rate at the inlet is then, 

C \ =mv J = (3.640 kg/s)(0.06360m 3 /kg) = 0.232 m 3 /s 
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7-57 Steam enters a nozzle at a specified state and leaves at a specified pressure. The process is to be sketched on the T-s 
diagram and the maximum outlet velocity is to be determined. 


Analysis (b) The inlet state properties are 


P x = 6000 kPa 


Vj = 1 


h x = 2784.6 kJ/kg 
s x =5.8902 kJ/kg -K 


(Table A -5) 


For the maximum velocity at the exit, the entropy will be constant 
during the process. The exit state enthalpy is (Table A-6) 


P 2 =1200 kPa 


= s x = 5.8902 kJ/kg • K 


*2 -Sf 5.8902-2.2159 . 

v 2 = — = = 0.8533 


fg 


4.3058 



h 2 = h f + xh fg = 798.33 + 0.8533 x 1985.4 = 2492.5 kJ/kg 


We take the nozzle as the system, which is a control volume since mass crosses the boundary. Noting that one fluid stream 
enters and leaves the nozzle, the energy balance for this steady-flow system can be expressed in the rate form as 


-^in -^out 


= A E 


<^0 (steady) 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


^in — ^out 


m 


h x + 


V- 


2 \ 


2 


= m 


h 2 + 


V- 


2 ^ 


2 


h\ — h 2 = 


r v 2 2 -v x 2 ^ 

2 


(since W = Q = Ape = 0) 


Solving for the exit velocity and substituting, 


h x - h 2 


( vl -Vp 

2 


y, =|Vj z +2 (h x -h 2 ) 

= 764.3 m/s 


0.5 


(0 m/s) 2 + 2(2784.6 - 2492.5) kJ/kg 


r 1000 m 2 /s 2 ^ 
1 kJ/kg 


n0.5 
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7-58 Heat is added to a pressure cooker that is maintained at a specified pressure. The minimum entropy change of the 
thermal-energy reservoir supplying this heat is to be determined. 

Assumptions 1 Only water vapor escapes through the pressure relief valve. 

Analysis According to the conservation of mass principle, 

dm cv 


dt 

dm 

dt 


= m — m 


in 

= —m 


out 


out 


An entropy balance adapted to this system becomes 


dS 


SUIT 


d{ms) 


m out s>0 


dt dt 

When this is combined with the mass balance, it becomes 


dS 


surr 


dt 


d (ms) dm _ 

- s > 0 


dt 


dt 


Multiplying by dt and integrating the result yields 

A5 surr +m 2 S 2 -OTjSj - 5 0ut (m 2 -/>!,) >0 

The properties at the initial and final states are (from Table A-5 at Pi = 175 kPa and P 2 = 150 kPa) 

i/, = u f + xv fg = 0.001057 + (0.10)(1.0037- 0.001057) =0. 1013 m 3 /kg 
s x =s f +xs fg = 1.4850 + (0.10)(5.6865) = 2.0537 kJ/kg ■ K 

i/ 2 =i > f +xv fg = 0.001053 + (0.40)(1.1594- 0.001053) = 0.4644 m 3 /kg 
s 2 =s f +xs fg = 1.4337 + (0.40)(5.7894) = 3.7494 kJ/kg -K 

The initial and final masses are 


m i = 


V 




0.020 m 3 
0.01013 m 3 /kg 


0.1974 kg 


V 


0.020 m 


m 2 = 


= 0.04307 


i/ 


2 0.4644 m /kg 

The entropy of escaping water vapor is 

^out ~ s g @ isokPa =7.2231 kJ/kg -K 


kg 


Substituting, 

A5 surr + m 2 s 2 ~ m \ s \ ~ s out( m 2 - 0 

A S sun + (0.04307X3.7494) - (0.1974)(2.0537) - (7.2231)(0.04307 - 0.1974) > 0 

A5 surr +0.8708 >0 

The entropy change of the thermal energy reservoir must then satisfy 

AS surr > -0.8708 kJ/K 
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7-59 Heat is added to a pressure cooker that is maintained at a specified pressure. Work is also done on water. The 
minimum entropy change of the thermal-energy reservoir supplying this heat is to be determined. 

Assumptions 1 Only water vapor escapes through the pressure relief valve. 

Analysis According to the conservation of mass principle, 

dm. 


l cw 


dt 

dm 


= m — m 


dt 


in 


= —m 


out 


out 


An entropy balance adapted to this system becomes 


dS 


surr 


d(ms ) 


m out s>0 


dt dt 

When this is combined with the mass balance, it becomes 


dS 


surr 


d (ms) 


dt 


dt 


dm 

s > 0 

dt 


Multiplying by dt and integrating the result yields 
A5 surr +m 2 s 2 -m 1 s l - s out (m 2 - m x ) > 0 

Note that work done on the water has no effect on this entropy balance since work transfer does not involve any entropy 
transfer. The properties at the initial and final states are (from Table A- 5 at P\ = 175 kPa and P 2 = 150 kPa) 

i/j =v f + xv fg = 0.001057 + (0.10)(1.0037- 0.001057) =0. 1013 m 3 /kg 
s x =s f +xs fg = 1.4850 + (0.10)(5.6865) = 2.0537 kJ/kg-K 

t/ 2 =v f + xv fg = 0.001053 + (0.40)(1.1594- 0.001053) = 0.4644 m 3 /kg 
s 2 =s f +xs fg = 1. 4337 + (0.40)(5. 7894) = 3. 7494 kJ/kg-K 

The initial and final masses are 


V 


0.020 m 


m, = 


t/i 0.01013 m 3 /kg 


= 0.1974 kg 


t/ 


0.020 m 


= 


^2 0.4644 m 3 /kg 


= 0.04307 kg 


The entropy of escaping water vapor is 

g @ i 50 kPa =7.2231 kJ/kg-K 


l ^out 


Substituting, 

A^surr + rn 2 s 2 - m l s l - s out (m 2 - m x ) > 0 
AA surr + (0.04307)(3.7494) - (0.1974)(2.0537) - (7.223 1)(0.04307 - 0.1974) > 0 

AA surr + 0.8708 > 0 

The entropy change of the thermal energy reservoir must then satisfy 

AS surr > -0.8708 kJ/K 
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7-60 A cylinder is initially filled with saturated water vapor mixture at a specified temperature. Steam undergoes a 
reversible heat addition and an isentropic process. The processes are to be sketched and heat transfer for the first process 
and work done during the second process are to be determined. 

Assumptions 1 The kinetic and potential energy changes are negligible. 2 The thermal energy stored in the cylinder itself is 
negligible. 3 Both processes are reversible. 


Analysis (b) From the steam tables (Tables A-4 through A-6), 


T x =100°C 
x = 0.5 


h \ 


= h f + xh jg = 419.17 + (0.5)(2256.4) = 1547.4 kJ/kg 


t 2 

x 2 


= 100°C 
= 1 




= 2615.6 kJ/kg 

= 2506.0 kJ/kg 
7.3542 kJ/kg -K 


^3 

*3 


= 15 kPa 


= v 


>u 


= 2247.9 kJ/kg 



Q 


We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The energy 
balance for this closed system can be expressed as 



v 

Net energy transfer 
by heat, work, and mass 


A F 

L ^ L -‘ system 

v. J 

V 

Change in internal, kinetic, 
potential, etc. energies 


Gin - Wb.ou, = AU = m ( u 2 - «l) 


For process 1-2, it reduces to 

&2,in = Hh ~ h x ) = (5 kg)(2675.6 - 1547.4)kJ/kg - 5641 kJ 
(c) For process 2-3, it reduces to 

W 23,b,out = m (u 2 ~ m 3 ) - (5 kg)(2506.0 - 2247.9)kJ/kg - 1291 kJ 
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7-61E An insulated rigid can initially contains R-134a at a specified state. A crack develops, and refrigerant escapes slowly. 
The final mass in the can is to be determined when the pressure inside drops to a specified value. 


Assumptions 1 The can is well-insulated and thus heat transfer is negligible. 2 The refrigerant that remains in the can 
underwent a reversible adiabatic process. 


Analysis Noting that for a reversible adiabatic (i.e., isentropic) process, s\ = s 2 , the 
properties of the refrigerant in the can are (Tables A-l IE through A-13E) 


P x =140 psia 
T x = 50°F 

P 2 = 30 psia 

S 2 =S l 


>s x =s / @5 o°f = 0.06039 Btu/lbm • R 


x 2 =^^= °- 06039 - 0 - 03793 =0.1208 


fg 


0.1859 



„ 2 = Vf + x 2 v fs = 0.01209 + (o. 1208X1.5492- 0.01209)= 0.1978 ftVlbm 


fg 


Thus the final mass of the refrigerant in the can is 


m = 



(/ 


2 


0.8 ft 3 

0.1978 ft 3 /lbm 


= 4.04 lbm 
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7-62E An electric windshield defroster used to remove ice is considered. The electrical energy required and the minimum 
temperature of the defroster are to be determined. 

Assumptions No no heat is transferred from the defroster or ice to the surroundings. 

Analysis The conservation of mass principle is 

dm cv 
dt 

in out 


^ m - ^ m 


which reduces to 
dm. 


cv 


dt 


= —m 


out 


while the the first law reduces to 

d(mu) 


-W out = 


dt 


— — l tfi h 

-r //t out ^ out 


Combining these two expressions yield 

dm„, d{mu) 


W = h 

vv out n out 


cv 


cv 


dt dt 

When this is multiplied by dt and integrated from time when the ice layer is present until it is removed ( m = 0) gives 
Wout =h 0 Ut (-m j ) + (mu) i 
The original mass of the ice layer is 

1/ tA 

m, = — = — 

c/ c/ 


The work required per unit of windshield area is then 

t . . . t . , t (0.25/ 12) ft 


out =-(u i ~h out ) = -(u i -u f ) = -u if = 


A 


v 


v 


V 


0.01602 ft /lbm 


(-144 Btu/lbm) = -187.3 Btu/ft 


That is, 


W- m =187.3 Btu/ft 


in 


The second law as stated by Clasius tells us that the temperature of the defroster cannot be lower than the temperature of the 
ice being melted. Then, 


T =32°F 

L min 1 
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Entropy Change of Incompressible Substances 


7-32 


7-63C No, because entropy is not a conserved property. 


7-64 A hot copper block is dropped into water in an insulated tank. The final equilibrium temperature of the tank and the 
total entropy change are to be determined. 

Assumptions 1 Both the water and the copper block are incompressible substances with constant specific heats at room 
temperature. 2 The system is stationary and thus the kinetic and potential energies are negligible. 3 The tank is well- 
insulated and thus there is no heat transfer. 

Properties The density and specific heat of water at 25°C are p = 997 kg/m 3 and c p = 4.18 kJ/kg.°C. The specific heat of 
copper at 27°C is c p = 0.386 kJ/kg.°C (Table A-3). 

Analysis We take the entire contents of the tank, water + copper block, as the system. This is a closed system since no mass 
crosses the system boundary during the process. The energy balance for this system can be expressed as 


^in ^out 

v, J 

V 

Net energy transfer 
by heat, work, and mass 


A F 

system 

V 

Change in internal, kinetic, 
potential, etc. energies 


0 = A u 


or, 

A^Cu+ A ^water 

\mc(T 2 -7i)] Cu Hmc(T 2 -71)] water = 0 

where 



'"water = pV = (997 kg/m 3 )(0. 160 m 3 ) = 159.5 kg 
Using specific heat values for copper and liquid water at room temperature and substituting, 
(75 kg)(0.386 kJ/kg • °C)(r 2 - 1 10)°C + (159.5 kg)(4.18 kJ/kg • °C)(r 2 - 15)°C = 0 


T 2 = 19.0°C = 292 K 

The entropy generated during this process is determined from 

= -7.85 kJ/K 
= 9.20 kJ/K 

Thus, 

AS total = AS copper + AS water = -7.85 + 9.20 = 1 .35 kJ/K 


^ copper 


r T ^ 
_2 

V r i 7 


= (75 kg)(0.386 kJ/kg • K)lni 


r 292.0 K" 
383 K 


water ^^avg ^ 


r T \ 
_T 

V r i 7 


= (l 59.5 kg X4. 18 kJ/kg -K) In 


r 292.0 YC 
288 K 
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7-65 Computer chips are cooled by placing them in saturated liquid R-134a. The entropy changes of the chips, R-134a, and 
the entire system are to be determined. 

Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved. 3 There is no heat transfer between the system and the surroundings. 

Analysis (a) The energy balance for this system can be expressed as 

^in — ^out — system 

' v 7 v — v — ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

0 = A U = [m(u 2 -Mi)] chips +[m(u 2 -Mi)] R . 134a 

['»(«1 -M 2 )]chips =['»(«2 -Ml)k-134a 
The heat released by the chips is 

e chips = mc(T x -r 2 )=(0.010kg)(0.3kJ/kg-K)[20-(-40)]K = 0.18kJ 


The mass of the refrigerant vaporized during this heat exchange process is 


m g,2 = 


Q 


R-134a 


Q 


R-134a 


0.18 kJ 


u n — u 


f u fg@- 4 o°c 207.40 kJ /kg 


= 0.0008679 kg 


Only a small fraction of R- 134a is vaporized during the process. Therefore, the temperature of R- 134a remains constant 
during the process. The change in the entropy of the R-134a is (at -40°F from Table A-l 1) 


A5 R-134a - m g,2 S g,2 +m f,2 S f,2 


= (0.0008679)(0.96866) + (0.005 - 0.0008679)(0) - (0.005)(0) 

= 0.000841 kJ/K 


(b) The entropy change of the chips is 

AS hi = me In = (o.oio kg)(0.3 kJ/kg • K)ln { ~ 4 ° + 273)K = -0.000687 kJ/K 

ctaps ^ 6 3 (20 + 273)K 

(c) The total entropy change is 

AS total =Sgen = A ^R-134a + AA chips = 0.000841 + (-0.000687) = 0.0001 54 kJ/K 
The positive result for the total entropy change (i.e., entropy generation) indicates that this process is possible. 
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7-66 A hot iron block is dropped into water in an insulated tank. The total entropy change during this process is to be 
determined. 
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Assumptions 1 Both the water and the iron block are incompressible substances with constant specific heats at room 
temperature. 2 The system is stationary and thus the kinetic and potential energies are negligible. 3 The tank is well- 
insulated and thus there is no heat transfer. 4 The water that evaporates, condenses back. 

Properties The specific heat of water at 25°C is c p = 4.18 kJ/kg.°C. The specific heat of iron at room temperature is c p = 
0.45 kJ/kg.°C (Table A-3). 

Analysis We take the entire contents of the tank, water + iron block, as the system. This is a closed system since no mass 
crosses the system boundary during the process. The energy balance for this system can be expressed as 


^in ^out 

V > 

V 

Net energy transfer 
by heat, work, and mass 


A F 

system 

V 

Change in internal, kinetic, 
potential, etc. energies 


0 = A U 


or, 


A ^iron + A ^water “ 0 


\mc(T 2 -7i)] iron +[mc(r 2 -7i)] water = 0 



Substituting, 


(25 kg)(0.45 kJ/kg • K)(r 2 - 350°C) + (100 kg)(4.18 kJ/kg • K)(T 2 - 18° C) = 0 


T 2 = 26.7°C 


The entropy generated during this process is determined from 


ASiron = mc avg In 


r T ^ 

£2 

\ T \J 


= (25kgX0.45kJ/kg-K)ln: 


f 299.7 K 
623 K 


= -8.232 kJ/K 


A5 water = wc avg ln 


f rp \ 

£2 

\ T \) 


= (100 kg)(4. 18 kJ/kg -K)ln 


r 299.1 K a 
291 K 


= 12.314 kJ/K 


Thus, 

^gen = AS total = A5 iron + A5 water = -8.232 + 12.3 14 = 4.08 kJ/K 
Discussion The results can be improved somewhat by using specific heats at average temperature. 
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7-67 An aluminum block is brought into contact with an iron block in an insulated enclosure. The final equilibrium 
temperature and the total entropy change for this process are to be determined. 

Assumptions 1 Both the aluminum and the iron block are incompressible substances with constant specific heats. 2 The 
system is stationary and thus the kinetic and potential energies are negligible. 3 The system is well-insulated and thus there 
is no heat transfer. 


Properties The specific heat of aluminum at the anticipated average temperature of 400 K is c p = 0.949 kJ/kg.°C. The 
specific heat of iron at room temperature (the only value available in the tables) is c p = 0.45 kJ/kg.°C (Table A-3). 

Analysis We take the iron+aluminum blocks as the system, which is a closed system. The energy balance for this system 
can be expressed as 


or, 


^in ^out “ 

^ , , J 

A f 

system 



Net energy transfer 

V 

Change in internal, kinetic, 



by heat, work, and mass 

potential, etc. energies 

Iron 

Aluminum 

0 = 

A U 

40 kg 

30 kg 



60°C 

140°C 


A^alum + A^iron - 0 

['nc(T 2 - 7i)] alum + [?nc(T 2 -7’i )], ron = 0 


Substituting, 

(30 kg)(0.949 kJ/kg • K)(T 2 - 140°C) + (40 kg)(0.45 kJ/kg • K ){T 2 - 60°C) = 0 

T 2 =109°C = 382 K 

The total entropy change for this process is determined from 


AS iron = 'MCav g In 


r T '\ 

il 


= {40 kgX0.45 kJ/kg -K) In 


^^alum /^ir'avg In 


f rj, \ 

\ T \ J 


= (30 kg^O.949 kJ/kg -K) In 


^382 K a 
v 333 K y 

^382 


= 2.472 kJ/K 


v 


413 K 


= -2.221 kJ/K 


Thus, 


A5 total = AS iron + = 2 All - 2.221 = 0.251 kJ/K 


alum 
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7-68 ■ fc1 " r “ Problem 7-67 is reconsidered. The effect of the mass of the iron block on the final equilibrium temperature and 
the total entropy change for the process is to be studied. The mass of the iron is to vary from 10 to 100 kg. The equilibrium 
temperature and the total entropy change are to be plotted as a function of iron mass. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Knowns:" 

T_1 Jron = 60 [C] 

“mjron = 40 [kg]” 

T_1_al = 140 [C] 
mal = 30 [kg] 

C_al = 0.949 [kJ/kg-K] "FromTable A-3 at the anticipated average temperature of 450 K." 

C_iron= 0.45 [kJ/kg-K] "FromTable A-3 at room temperature, the only value available." 

"Analysis: " 

" Treat the iron plus aluminum as a closed system, with no heat transfer in, no work out, neglect changes in KE 
and PE of the system. " 

"The final temperature is found from the energy balance." 

EJn - E_out = DELTAE_sys 
Eout = 0 
EJn = 0 

DELTAE_sys = mJron*DELTAuJron + m_al*DELTAu_al 
DELTAuJron = CJron*(T_2Jron - T_1 Jron) 

DELTAu_al = C_al*(T_2_al - T_1_al) 

"the iron and aluminum reach thermal equilibrium:" 

TJZJron = T_2 
T_2_al = T_2 

DELTAS Jron = mJron*CJron*ln((T_2Jron+273) / (T_1 Jron+273)) 

DELTAS_al = m_al*C_al*ln((T_2_al+273) / (T_1_al+273)) 

DELTAS total = DELTAS iron + DELTAS al 



AStotai kJ/kg] 

m ir0 r [kg] 

T 2 [C] 

0.08547 

10 

129.1 

0.1525 

20 

120.8 

0.2066 

30 

114.3 

0.2511 

40 

109 

0.2883 

50 

104.7 

0.32 

60 

101.1 

0.3472 

70 

97.98 

0.3709 

80 

95.33 

0.3916 

90 

93.02 

0.41 

100 

91 
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7-69 An iron block and a copper block are dropped into a large lake. The total amount of entropy change when both blocks 
cool to the lake temperature is to be determined. 

Assumptions 1 The water, the iron block and the copper block are incompressible substances with constant specific heats at 
room temperature. 2 Kinetic and potential energies are negligible. 

Properties The specific heats of iron and copper at room temperature are c iron = 0.45 kJ/kg.°C and c C0pper = 0.386 kJ/kg.°C 
(Table A-3). 

Analysis The thermal-energy capacity of the lake is very large, and thus the temperatures of both the iron and the copper 
blocks will drop to the lake temperature (15°C) when the thermal equilibrium is established. Then the entropy changes of 
the blocks become 


^-hron mC wg 


r rj, \ 
£2 

\ T \ ) 


- (50 kgXo.45 kJ/kg • K)ln 


^^copper mC a.vg 


f rj, ^ 

i 2 

v 7 © 


^288 K x 
v 353 K y 

r 


= -4.579 kJ/K 


= (20 kgX0.386 kJ/kg • K)lni 


288 K 
353 K 


= -1.571 kJ/K 


We take both the iron and the copper blocks, as the system. This is a 
closed system since no mass crosses the system boundary during the 
process. The energy balance for this system can be expressed as 

^in — ^out — ^^system 

V v ' v V / 

N et energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

— 2out — AU — A U lwn + Af/ copper 


or, 



Qont = -r 2 )] iron + [mc(7| - T 2 )] copper 
Substituting, 

Q out = (50 kgX0.45 kJ/kg • KX353 - 288)K + (20 kgXo.386 kJ/kg • KX353 - 288)K 
= 1964 kJ 


Thus, 


^lake “ 


Slake ,in 

r, 


lake 


1964 kJ 
288 K 


= 6.820 kJ/K 


Then the total entropy change for this process is 


A^total - ASi„ n + AS 


iron 


copper 


+ A5 lake = -4.579 - 1 .57 1 + 6.820 = 0.670 kJ/K 
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7-70 An adiabatic pump is used to compress saturated liquid water in a reversible manner. The work input is to be 
determined by different approaches. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Heat transfer to 
or from the fluid is negligible. 

Analysis The properties of water at the inlet and exit of the pump are (Tables A-4 through A-6) 


P { = 1 0 kPa 

x x = 0 

P 2 = 15 MPa 

^2 “ **1 


h x = 191.81 kJ/kg 
> s x = 0.6492 kJ/kg 

i/[ = 0.001010 m 3 /kg 
h 2 = 206.90 kJ/kg 
i/ 2 = 0.001004 m 3 /kg 


(a) Using the entropy data from the compressed liquid water table 
w p =h 2 -h x =206.90-191.81 =15.10 kJ/kg 



(b) Using inlet specific volume and pressure values 


w P = i/j (P 2 -P l ) = (0.001010 m 3 /kg)(15,000 -10)kPa = 1 5.14 kJ/kg 
Error = 0.3% 

(c) Using average specific volume and pressure values 

Wp = i/ avg (p 2 - P t ) = [l/ 2(0.001010 +0.001004) m 3 /kgj(15,000 - 10)kPa = 15.10 kJ/kg 


Error = 0% 

Discussion The results show that any of the method may be used to calculate reversible pump work. 
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Entropy Changes of Ideal Gases 

7-71 C No. The entropy of an ideal gas depends on the pressure as well as the temperature. 
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7-72C The entropy of a gas can change during an isothermal process since entropy of an ideal gas depends on the pressure 
as well as the temperature. 


7-73C The entropy change relations of an ideal gas simplify to 
As = c p ln(7yr,) for a constant pressure process 
and As = c v ln(T 2 /Ti) for a constant volume process. 

Noting that Cp >C„ the entropy change will be larger for a constant pressure process. 


7-74 For ideal gases, c p = c v + R and 


Thus, 


W py 


r 2 i\ 


y; 


t ; 




s 2 - Sj = c„ In 
= c.. In 


= c v In 


= c p In 


f rp ^ 

zl 

\ T \J 

C rp ^ 

il 

\ t \j 

f rp \ 

zl 

f rp ^ 

il 

\ T \J 


+ R In 
+ /?ln 
+ R\n 
-R\n\ 


V 

V T \ P 2 J 

C rj, \ 

1 2 


\ T U 

r PT 

\ P \J 


-R\n 


( p \ 


7-75 For an ideal gas, dh = c p dT and u= RT/P. From the second Tds relation, 
dh vdP c„dP rt dP 


p iv i ui dT dP 

ds = = = c n a — 

P rj-, 


T T 


T 


P T 


P 


Integrating, 



f rp \ 

1 O 


( P 2 ] 

s 2 -*i = c p In 

2 

-R In 


TiJ 


UJ 


Since c p is assumed to be constant. 
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7-76 Setting As = 0 gives 

— R In 

F it; 

but 


c p In 


V r i J 


f p ^ 

L 2 

K P i J 


= 0 > In 


f rp \ 

1 2 

v r i y 




In 






T~ 


'p ' ,'* /c 


r, 




1 jfc-i 


c 




since k = c p /c {/ . Thus, 


Z 2 

r, 




v^iy 


(*-!)/* 


7-77 The entropy changes of helium and nitrogen is to be compared for the same initial and final states. 

Assumptions Helium and nitrogen are ideal gases with constant specific heats. 

Properties The properties of helium are c p = 5.1926 kJ/kg-K, R = 2.0769 kJ/kg-K (Table A-2a). The specific heat of 
nitrogen at the average temperature of (427+27)/2=227°C=500 K is c p = 1.056 kJ/kg-K (Table A-2b). The gas constant of 
nitrogen is R = 0.2968 kJ/kg-K (Table A-2a). 

Analysis From the entropy change relation of an ideal gas, 


As He = S In 


T, 


Ti 


R\n Pl 


P 


= (5.1 926 kJ/kg • K)ln 


(27 + 273)K 
(427 + 273)K 


= 0.3826 kJ/kg K 


(2.0769 kJ/kg -K)ln 


200 kPa 
2000 kPa 


As n 2 = c n In 


T- 


p 


r, 


Rln Pl 


P 


= (1.056 kJ/kg -K)ln 


(27 + 273)K 
(427 + 273)K 


= -0.21 13 kJ/kg K 


(0.2968 kJ/kg -K)ln 


200 kPa 
2000 kPa 


Hence, helium undergoes the largest change in entropy. 


7-78 The entropy difference between the two states of air is to be determined. 

Assumptions Air is an ideal gas with constant specific heats. 

Properties The specific heat of air at the average temperature of (500+50)/2=275°C = 548 K = 550 K is c p = 1.040 kJ/kg-K 
(Table A-2b). The gas constant of air is R = 0.287 kJ/kg-K (Table A-2a). 

Analysis From the entropy change relation of an ideal gas, 


T P 

A s air — c n In — - Rln — 
air 77 T x P x 


= (1.040 kJ/kg -K)ln 


(50 + 273)K 
(500 + 273)K 


= -0.0478 kJ/kg K 


(0.287 kJ/kg • K)ln 


lOOkPa 
2000 kPa 
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7-79E The entropy difference between the two states of air is to be determined. 

Assumptions Air is an ideal gas with constant specific heats. 

Properties The specific heat of air at the average temperature of (70+250)/2=160°F is c p = 0.241 Btu/lbm-R (Table A-2Eb). 
The gas constant of air is R = 0.06855 Btu/lbm-R (Table A-2Ea). 

Analysis From the entropy change relation of an ideal gas, 

T P 

A ^ir=c p 

= (0.24 1 Btu/lbm • R)ln < 250 + 460 ) R _ (0.06855 Btu/lbm • R)ln 4 ° pSla 

(70 + 460)R 15psia 

= 0.00323 Btu/lbm R 


7-80 The final temperature of nitrogen when it is expanded isentropically is to be determined. 

Assumptions Nitrogen is an ideal gas with constant specific heats. 

Properties The specific heat ratio of nitrogen at an anticipated average temperature of 450 K is k = 1.391 (Table A-2b). 
Analysis From the isentropic relation of an ideal gas under constant specific heat assumption, 

\ 0.391/1.391 


T 2 = T \ 


r p 


\ p \ J 


= (300 + 273 K) 


lOOkPa 
900 kPa 


= 309 K 


Discussion The average air temperature is (573+309)/2=441 K, which is sufficiently close to the assumed average 
temperature of 450 K. 


7-81E The final temperature of air when it is compressed isentropically is to be determined. 
Assumptions Air is an ideal gas with constant specific heats. 


Properties The specific heat ratio of air at an anticipated average temperature of 400°F is k = 1.389 (Table A-2Eb). 
Analysis From the isentropic relation of an ideal gas under constant specific heat assumption, 


T 2 = T \ 




v p i y 


(k-\)/k 


= (70 + 460 R) 


. \ 0.389/1.389 

' 200 psia ' 

15 psia 


1095 R 


Discussion The average air temperature is (530+1095)/2=813 K = 353°F, which is sufficiently close to the assumed 
average temperature of 400°F. 
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7-82 An insulated cylinder initially contains air at a specified state. A resistance heater inside the cylinder is turned on, and 
air is heated for 1 5 min at constant pressure. The entropy change of air during this process is to be determined for the cases 
of constant and variable specific heats. 

Assumptions At specified conditions, air can be treated as an ideal gas. 

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-l). 

Analysis The mass of the air and the electrical work done during this process are 

PM (l20 kPa)(o.3 m 3 ) 

m = — — - = y xr = 0.4325 kg 

RT X (0.287 kPa • m 3 /kg • K |290 KJ 

Wgjn = W eM At = (0.2 kJ/sXl5 X 60 s) = 180 kJ 
The energy balance for this stationary closed system can be expressed as 

^in — ^out = ^“system 

V V ' ' V ' 

N et energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

We, in - W Mul = A U >W 6iin = m{h 2 -h x ) - c p (T 2 -71) 



since AU + Wb = AH during a constant pressure quasi-equilibrium process. 

(a) Using a constant c p value at the anticipated average temperature of 450 K, the final temperature becomes 


We in 

Thus, T 2 = 7] + = 290 K + 

me „ 


180 kJ 


(0.4325 kg )(l. 02 kJ/kg-K) 

Then the entropy change becomes 
AS sys = m(s 2 - .s-, ) = 

= (0.4325 kgXl-020 kJ/kg • K)ln 


= 698 K 


m 


r T p $ (A 

c n avg In— -/?ln — 

P» av g T P 

h n j 

^698 K n 


. % 

- »lCp, avg ln — 
1 \ 


290 K 


= 0.387 kJ/K 


(b) Assuming variable specific heats, 

W e , in = m ( h 2 ~ h \) > h 2 = >H + 


From the air table (Table A- 17, we read s° 2 


A S sys = m 


s° 2 —sl +R In 


Pi 

R 




= m\s 


W 180 FT 

= 290.16 kJ/kg + = 706.34 kJ/kg 

m 0.4325 kg 

= 2.5628 kJ/kg-K corresponding to this h 2 value. Then, 



(0.4325 kg )(2.5628-l. 66802 )kJ/kg -K = 0.387 kJ/K 
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7-83 A cylinder contains N 2 gas at a specified pressure and temperature. The gas is compressed polytropically until the 
volume is reduced by half. The entropy change of nitrogen during this process is to be determined. 

Assumptions 1 At specified conditions, N 2 can be treated as an ideal gas. 2 Nitrogen has constant specific heats at room 
temperature. 

Properties The gas constant of nitrogen is R = 0.2968 kJ/kg.K (Table A-l). The constant volume specific heat of nitrogen 
at room temperature is c v = 0.743 kJ/kg.K (Table A-2). 

Analysis From the polytropic relation, 

n — 1 / \n—l 

>T 2 =T X - L = (310 KX2) 1 ' 3-1 =381.7 K 

) 

Then the entropy change of nitrogen becomes 

( r, tO 

AS N , = m c„ >avg In — + R In — 

V 1 i v \ ) 




( 38 1 7 K 

= (0.75 kg | (0.743 kJ/kg-K)ln + (0.2968 kJ/kg-K)ln(0.5) = -0.0384 kJ/K 

l 3 10 K 
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7-84 



Problem 7-83 is reconsidered. The effect of varying the polytropic exponent from 1 to 1.4 on the entropy 


change of the nitrogen is to be investigated, and the processes are to be shown on a common P-v diagram. 
Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Given" 
m=0.75 [kg] 

PI =140 [kPa] 

T1 =(37+273) [K] 
n=1 .3 

RatioV=0.5 "RatioV=V2/V1" 

"Properties" 
c_v=0.743 [kJ/kg-K] 

R=0.297 [kJ/kg-K] 

"Analysis" 

T2=T1*(1/RatioV) A (n-1) "from polytropic relation" 
DELTAS=m*(c_v*ln(T2/T 1 )+R*ln(RatioV)) 
P1*V1=m*R*T1 



n 

AS 

[kJ/kg] 

i 

-0.1544 

1.05 

-0.1351 

1.1 

-0.1158 

1.15 

-0.09646 

1.2 

-0.07715 

1.25 

-0.05783 

1.3 

-0.03852 

1.35 

-0.01921 

1.4 

0.000104 
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7-85E A fixed mass of helium undergoes a process from one specified state to another specified state. The entropy change 
of helium is to be determined for the cases of reversible and irreversible processes. 


Assumptions 1 At specified conditions, helium can be treated as an ideal gas. 2 Helium has constant specific heats at room 
temperature. 


Properties The gas constant of helium is R = 0.4961 Btu/lbm.R (Table A- IE). The 
constant volume specific heat of helium is c v = 0.753 Btu/lbm.R (Table A-2E). 

Analysis From the ideal-gas entropy change relation, 


AS He = m 


c In 

^i/,ave 


Tj 

— + R\n— 


r, 


(/■ 


1 ) 


NF 


He 

T, = 540 R 
T 2 = 660 R 


= (15 lbm) 


( 

(0.753 Btu/lbm-R) In 


v 

= -9.71Btu/R 


660 R 
540 R 


( 


+ (0.4961 Btu/lbm-R) In 


v 


10 ft 3 /lbm 
50 ft 3 /lbm 


JJ 


The entropy change will be the same for both cases. 


7-86 Air is expanded in a piston-cylinder device isothermally until a final pressure. The amount of heat transfer is to be 
determined. 

Assumptions Air is an ideal gas with constant specific heats. 

Properties The specific heat of air at the given temperature of 127°C = 400 K is c p = 1.013 kJ/kg-K (Table A-2b). The gas 
constant of air is R = 0.287 kJ/kg-K (Table A-2a). 

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 

^in — ^out — system 

V v ' v V / 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Gin - Wont = A U = m(u 2 - U\ (since KE = PE = 0) 

Gin - W out = a U = m{u 2 - Mj ) = 0 since T ] = T x 
Gin =W ou t 


The boundary work output during this isothermal process is 

W out = mRT In A = (1 kg)(0.287 kJ/kg • K)(127 + 273 K)ln 2Q ° kPa 
out P, 100 kPa 


= 79.6 kJ 


Thus, 


Gin = W' n = 79.6 kJ 
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7-87 Argon is expanded in an adiabatic turbine. The exit temperature and the maximum work output is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is adiabatic, and thus there is 
no heat transfer. 3 Argon is an ideal gas with constant specific heats. 

Properties The properties of argon are c p = 0.2081 kJ/kg-K and k = 1.667 (Table A-2 b). 

Analysis There is only one inlet and one exit, and thus m x = m 2 = m . We take the turbine as the system, which is a control 

volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


^in ^out 

V J 

V 

Rate of net energy transfer 
by heat, work, and mass 





W 


out 


a *7 *0 (steady) 

system 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 

F 

^ out 

mh 2 + W out 
m(h 1 ~h 2 ) 
h\ ~ h 2 


For the minimum work input to the compressor, the process must be 
reversible as well as adiabatic (i.e., isentropic). This being the case, the 
exit temperature will be 


T 2 = T \ 


r p \(k-Y)!k 


\ P \ J 


= (500 + 273 K) 


200 kPa 
2000 kPa 


X 0.667/1.667 


= 308 K 







Substituting into the energy balance equation gives 

^out =*1 -*2 = c p(T . 1 - T 2 ) = (0.208 lkJ/kg-K)(773-308)K = 96.8 kJ/kg 
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7-88E Air is compressed in an isentropic compressor. The outlet temperature and the work input are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is adiabatic, and thus there is 
no heat transfer. 3 Air is an ideal gas with constant specific heats. 

Properties The properties of air at an anticipated average temperature of 400°F are c p = 0.245 Btu/lbm-R and k = 1.389 
(Table A-2E b). 


Analysis There is only one inlet and one exit, and thus m { = m 2 = m . We take the compressor as the system, which is a 

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


^in ^out 


A E 


710 (steady) 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in — ^out 

mh l + W m = mh 2 

W in =m(h 2 - V) 

The process is reversible as well as adiabatic (i.e., isentropic). This 
being the case, the exit temperature will be 


T 2 = t \ 


r p \(k-i)/k 

to 


yPu 


= (70 + 460 R) 


/ . \ 0.389/1.389 

A 200 psia 


15psia 

Substituting into the energy balance equation gives 


1095 R 



Win =h 2 -h l = c p (T 2 - T x ) = (0.245 Btu/lbm-R)(1095 -530)R = 138 Btu/lbm 


Discussion The average air temperature is (530+1095)/2=813 K = 353°F, which is sufficiently close to the assumed 
average temperature of 400°F. 
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7-89 One side of a partitioned insulated rigid tank contains an ideal gas at a specified temperature and pressure while the 
other side is evacuated. The partition is removed, and the gas fills the entire tank. The total entropy change during this 
process is to be determined. 

Assumptions The gas in the tank is given to be an ideal gas, and thus ideal gas relations apply. 

Analysis Taking the entire rigid tank as the system, the energy balance can be expressed as 

^in — ^out — ^^system 

' V ' ' V ' 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

0 = A U — m(u 2 ~ U\) 
u 2 = u x 

t 2 =t i 



since u = u(T) for an ideal gas. Then the entropy change of the gas becomes 


AS = N 


c 


i/,avg 


r, i/, A 

In— + RAn^ 


T, 


1/ 


= NR,. In 


= (5 kmol)(8.314 kJ/kmol • K)ln(2) 


t'l 


= 28.81 kJ/K 

This also represents the total entropy change since the tank does not contain anything else, and there are no interactions 
with the surroundings. 
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7-90 Air is compressed in a piston-cylinder device in a reversible and adiabatic manner. The final temperature and the work 
are to be determined for the cases of constant and variable specific heats. 


Assumptions 1 At specified conditions, air can be treated as an ideal gas. 2 The process is given to be reversible and 
adiabatic, and thus isentropic. Therefore, isentropic relations of ideal gases apply. 

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-l). The specific heat ratio of air at the anticipated 
average temperature of 425 K is k = 1.393 and R = 0.730 kJ/kg.K (Table A-2a). 


Analysis ( a ) Assuming constant specific heats, the ideal gas isentropic relations give 

\ 0.393/1.393 


T 2 =T\ 


r p \M/* 

i T 


yPiJ 


= (295 K 


900 kPa 
90 kPa 


564.9 K 


Since T avg = (295 + 565)/2 = 430 K 


the assumed average temperature (425 K) is close enough to his value. 

We take the air in the cylinder as the system. The energy balance for this stationary 
closed system can be expressed as 


^in -^out 

V, J 

V 

Net energy transfer 
by heat, work, and mass 


A F 

system 

V, J 

V 

Change in internal, kinetic, 
potential, etc. energies 


W m = A U = m(u 2 - Mi) = mc u (T 2 - 7j) 



\ 

/ 



AIR 

Reversible 





Thus, 

vv’i n =c l/ avg (r 2 - Ty )= (0.730 kJ/kg -K)(564.9- 295) K = 197.0 kJ/kg 


(b) Assuming variable specific heats, the final temperature can be determined using the relative pressure data (Table A- 17), 


T x = 295 K 


P =1.3068 

r \ 

u x =210.49 kJ/kg 


and 


P, = 


p 


p = 


900 kPa 
90 kPa 


(l.3068)= 13.068 


Po = 564.9 K 


u 2 =408.09 kJ/kg 

Then the work input becomes 

, in = M , - Ml =(408.09 -210.49) kJ/kg = 197.6 kJ/kg 


Wi 
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7-91 mt[Tnt Problem 7-90 is reconsidered. The work done and final temperature during the compression process are to be 
calculated and plotted as functions of the final pressure for the two cases as the final pressure varies from 100 kPa to 1200 
kPa. 


Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


Procedure ConstPropSol(P_1 ,T_1 ,P_2,Gas$:WorkJn_ConstProp,T2_ConstProp) 
C_P=SPECHEAT(Gas$,T=27) 

MM=MOLARMASS(Gas$) 

R_u=8.314 [kJ/kmol-K] 

R=R_u/MM 
C_V = C_P - R 
k = C_P/C_V 

T2= (T_1 +273)*(P_2/P_1 ) A ((k-1 )/k) 

T2_ConstProp=T2-273 "[C]" 

DELTAu = C_v*(T2-(T_1 +273)) 

Work_in_ConstProp = DELTAu 
End 

"Knowns:" 

P_1 = 90 [kPa] 

T_1 = 22 [C] 

"P_2 = 900 [kPa]" 

"Analysis: " 

" Treat the piston-cylinder as a closed system, with no heat transfer in, neglect 

changes in KE and PE of the air. The process is reversible and adiabatic thus isentropic." 

"The isentropic work is determined from:" 

ejn - e_out = DELTAe_sys 

e_out = 0 [kJ/kg] 

ejn = Workjn 

DELTAE_sys = (u_2 - u_1) 

u_1 = INTENERGY(air,T=T_1 ) 
v_1 = volume(air,P=P_1 ,T=T_1) 
s_1 = entropy(air,P=P_1,T=T_1) 

" The process is reversible and adiabatic or isentropic. " 
s_2 = s_1 

u_2 = INTENERGY(air,P=P_2,s=s_2) 

T_2_isen = temperature(air,P=P_2,s=s_2) 

Gas$ = 'air' 

Call ConstPropSol(P_1 ,T_1 ,P_2,Gas$:WorkJn_ConstProp,T2_ConstProp) 
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p 2 

fkPal 

Workjn 

[kJ/kgl 

Workj ni ConstProp 

fkJ/kgl 

T2Q ons tp r0 p 

[Cl 

"^2,isen 

[C] 

100 

6.467 

6.469 

31.01 

31.01 

200 

54.29 

54.25 

97.59 

97.42 

300 

87.09 

86.91 

143.1 

142.6 

400 

112.8 

112.5 

178.7 

177.8 

500 

134.3 

133.8 

208.5 

207 

600 

152.9 

152.3 

234.2 

232.1 

700 

169.4 

168.7 

257 

254.3 

800 

184.3 

183.5 

277.7 

274.2 

900 

198 

197 

296.5 

292.2 

1000 

210.5 

209.5 

313.9 

308.9 

1100 

222.3 

221.1 

330.1 

324.2 

1200 

233.2 

232 

345.3 

338.6 




PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


7-52 


7-92 An insulated rigid tank contains argon gas at a specified pressure and temperature. A valve is opened, and argon 
escapes until the pressure drops to a specified value. The final mass in the tank is to be determined. 


Assumptions 1 At specified conditions, argon can be treated as an ideal gas. 2 The process is given to be reversible and 
adiabatic, and thus isentropic. Therefore, isentropic relations of ideal gases apply. 


Properties The specific heat ratio of argon is k = 1.667 (Table A-2). 
Analysis From the ideal gas isentropic relations, 

T 2 


= T, 


h 

\ p \ j 


M/* 


= (303 k{ 


200 kPa 


x 0.667/1.667 


\450kPa 


= 219.0 K 


The final mass in the tank is determined from the ideal gas relation, 


P 2 V 


m x RT x 

m 2 RT 2 


> m 2 


p 2 P\ 

P\T 2 


m, 


(200 kPa)(303 K) 
(450 kPa)(219 K) 


(4 kg) = 2.46 kg 
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7-93 



Problem 7-92 is reconsidered. The effect of the final pressure on the final mass in the tank is to be investigated 


as the pressure varies from 450 kPa to 150 kPa, and the results are to be plotted. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Knowns:" 

c_p = 0.5203 [kJ/kg-K ] 
c_v = 0.3122 [kJ/kg-K] 

R=0.2081 [kPa-m A 3/kg-K] 

P_1 =450 [kPa] 

T_1 = 30 [C] 
m_1 = 4 [kg] 

P_2= 1 50 [kPa] 

"Analysis: 

We assume the mass that stays in the tank undergoes an isentropic expansion process. This allows us to 
determine the final temperature of that gas at the final pressure in the tank by using the isentropic relation:" 
k = c_p/c_v 

T_2 = ((TJ +273)*(P_2/P_1 ) A ((k-1 )/k)-273) 

V_2 = V_1 

P_1 *V_1 =m_1 *R*(T_1 +273) 

P_2*V_2=m_2*R*(T_2+273) 



P 2 [kPa] 


p 2 

[kPal 

m 2 

[kg] 

150 

2.069 

200 

2.459 

250 

2.811 

300 

3.136 

350 

3.44 

400 

3.727 

450 

4 
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7-94E Air is accelerated in an adiabatic nozzle. Disregarding irreversibilities, the exit velocity of air is to be determined. 

Assumptions 1 Air is an ideal gas with variable specific heats. 2 The process is given to be reversible and adiabatic, and 
thus isentropic. Therefore, isentropic relations of ideal gases apply. 2 The nozzle operates steadily. 

Analysis Assuming variable specific heats, the inlet and exit properties are determined to be 


and 


T x = 1000 R 


P = 12.30 

r \ 

h x = 240.98 Btu/lbm 



h 

R 


P, 


_ 12ps£a (,2 30 ) = 2.46 

60 psia 


T 2 = 635.9 R 
\i 2 =152.11 Btu/lbm 



1 2 



We take the nozzle as the system, which is a control volume. The energy balance for this steady- flow system can be 
expressed in the rate form as 


-^in ^out 

v. J 

V 

Rate of net energy transfer 
by heat, work, and mass 


a r (steady) 

^-^system 

y j 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 


E, 


in 


m(h x + V x / 2) 

y y vf-v? 
2 


F 

^out 

m(h 2 + V|/2) 

0 


Therefore, 


V, = 



i -/* 2 )+^i 2 - 


i 


2(240.98-1 52. ll)Btu/lbm 


r 25,037 ft 2 /s 2 A 

1 Btu/lbm 


+ (200 ft/s) : 


= 2119 ft/s 
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7-95 Air is expanded in an adiabatic nozzle by a polytropic process. The temperature and velocity at the exit are to be 
determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 There is no heat transfer or shaft work 
associated with the process. 3 Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 

Analysis For the polytropic process of an ideal gas, P v n = Constant , and the exit temperature is given by 


t 2 =t i 


/ ” A( " 1)/ " / 200kPa A °' 3/1 ' 3 


P- 


K p i J 


= (373 K) 


700 kPa 


279 K 


There is only one inlet and one exit, and thus m x = m 2 = m . We take nozzle as the system, which is a control volume since 
mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form as 

710 (steady) 


^in ^out 


A E 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


^in “ ^out 


m 


h x + 


V- 


2 \ 


2 


= m 


V x 

h x H = h 

2 


h 2 + 


V 7 


V- 


2 ^ 


2 


700 kPa 
100°C 
30 m/s 



200 kPa 


2 


Solving for the exit velocity, 


V 2 =Yi+2(h x -h 2 ) 

= [C + 2 c p(T l -T 2 ) 


0.5 


(30 m/s) 2 + 2(1.005 kJ/kg • K)(373 - 279)K 

= 436 m/s 


1000 m 2 /s 2 ^ 
1 kJ/kg 


n 0.5 
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7-96 Air is expanded in an adiabatic nozzle by a polytropic process. The temperature and velocity at the exit are to be 
determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 There is no heat transfer or shaft work 
associated with the process. 3 Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 

Analysis For the polytropic process of an ideal gas, Pv' 1 = Constant , and the exit temperature is given by 


T 2 = T \ 




y p i j 


(n-\)/ n 


= (373 K) 


200 kPa 
700 kPa 


\ 0 . 1 / 1. 1 


= 333 K 


There is only one inlet and one exit, and thus m x = m 2 = m . We take nozzle as the system, which is a control volume since 
mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form as 

710 (steady) 


^in ^out 


A E 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


^in — ^out 


m 


h x + 


V- 


2 \ 


2 


= m 


Vf 

h x -I = h' 


h 2 + 


Vr 


V 


2 } 


2 


700 kPa 
100°C 
30 m/s 



200 kPa 


2 


Solving for the exit velocity, 


V 2 = 


0.5 


[V? + 2(l h - h 2 ) 
lC+2 cJT x -T 2 ) 


0.5 


(30 m/s) 2 + 2(1 .005 kJ/kg • K)(373 - 333)K 

= 286 m/s 


1000 m 2 /s 2 ^ 
1 kJ/kg 


n0.5 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



7-57 


7-97 Air is expanded in a piston-cylinder device until a final pressure. The maximum work input is given. The mass of air 
in the device is to be determined. 


Assumptions Air is an ideal gas with constant specific heats. 

Properties The properties of air at 300 K is c u = 0.718 kJ/kg-K and k = 1.4 (Table A-2a). 

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 


^in ^out ^-^system 

^ V / v V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

- W out = A U = m(u 2 - Mi) (since Q = KE = PE = 0) 


For the minimum work input to the compressor, the process must be 
reversible as well as adiabatic (i.e., isentropic). This being the case, the 
exit temperature will be 


T 2 = t \ 


r p n (*-!)/* 


J 


= (427 + 273 K) 


100 kPa 
600 kPa 


\ 0.4/1.4 


= 419.5 K 



Substituting into the energy balance equation gives 


Wout =m(u 1 -u 2 ) = mc v (T l -T 2 ) >m 



c v (T x -T 2 ) 


1000 kJ 

(0.718 kJ/kg • K)(700 - 4 1 9.5)K 


= 4.97 kg 
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7-98 Helium is compressed in a steady-flow, isentropic compressor. The exit temperature and velocity are to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is adiabatic, and thus there is 
no heat transfer. 3 Helium is an ideal gas with constant specific heats. 

Properties The properties of helium are c p = 5.1926 kJ/kg-K and k = 1.667 (Table A-2 b). 

Analysis (a) There is only one inlet and one exit, and thus m x = m 2 = m . We take the compressor as the system, which is a 

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 



v 

Rate of net energy transfer 
by heat, work, and mass 


a + <^0 (steady) 

system 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 


^in — ^out 


m\ 


h x + 


V- 


2 'N 


2 


+ W m = m 


h 2 + 


V- 


2 ^ 


2 


(since Q = Ape = 0) 


600 kPa 



100 kPa 
27°F 


The process should be isentropic for minimum work input. This being the case, the exit temperature will be 


T 2 = t \ 


r p x(*-i )/k 

i T 


v p i y 


= (27 + 273 K) 


600 kPa 
lOOkPa 


X 0.6671.667 


614.4 K 


(b) Solving the energy balance for the exit velocity and substituting, 


m 


\ vr 

h x H 


2 


+ Wjn =r * 1 


\ vp 

h~> -\ 


v 


2 


W 

(hi -/i 2 ) + — = 


m 


' yj-yp 

2 


T 


A 


200 psia 


100 kPa 


■> .S' 


Vo = 


vr +2 


V x +2 


W 

(hi-h 2 ) + ~? 

m 


-in0.5 


w 

c p (Ti-T 2 ) + -?- 
m 


-in 0.5 


0 + 2 


(5 . 1 926 kJ/kg • K)(3 00-61 4.4)K + 


1000 kW 
0.6 kg/s 


2/2 A 


n0.5 


-IV 


1000 m z /s 
1 kJ/kg 


= 261 .2 m/s 
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7-99 Air is expanded adiabatically in a piston-cylinder device. The entropy change is to be determined and it is to be 
discussed if this process is realistic. 

Assumptions 1 Air is an ideal gas with constant specific heats. 

Properties The properties of air at 300 K are c p = 1.005 kJ/kg-K, c v — 0.718 kJ/kg-K and k = 1.4. Also, R = 0.287 kJ/kg-K 
(Table A-2 a). 

Analysis (a) We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 

fin ~ £out — system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

- W out = A U = m(u 2 -u x ) (since Q = KE = PE = 0) 

-W oui =mc v {T 2 -T,) 


Solving for the final temperature, 


W 

Wont - mc v (T x - T 2 ) > T 2 =T x = (427 + 273 K) 

mc v 


600kJ 

(5 kg)(0.7 18 kJ/kg-K) 


= 532.9 K 


From the entropy change relation of an ideal gas, 


T P 

As a^ = c p In — - R In — 


r, 


p 


532 9 K 

= ( 1 .005 kJ/kg • K)ln - (0.287 kJ/kg • K)ln 


100 kPa 
600 kPa 


= 0.240 kJ/kg K 


(b) Since the entropy change is positive for this adiabatic process, the process is irreversible and realistic. 
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7-100 Air contained in a constant-volume tank s cooled to ambient temperature. The entropy changes of the air and the 
universe due to this process are to be determined and the process is to be sketched on a T-s diagram. 


Assumptions 1 Air is an ideal gas with constant specific heats. 


Properties The specific heat of air at room temperature is c v = 0.718 kJ/kg.K 
(Table A-2a). 

Analysis (a) The entropy change of air is determined from 


T 2 

A S air = mc v In— r 

M 


= (5 kg)(0.718 kJ/kg.K)ln 


(27 + 273) K 
(327 + 273) K 



= -2.488 kJ/K 

(b) An energy balance on the system gives 

Gout = mc v (T 1 — T 2 ) 

= (5 kg)(0.718 kJ/kg.K)(327 - 27) 
= 1077 kJ 


The entropy change of the surroundings is 


As 


surr 


Qm_ = 1077 kJ = 3 59 kJ/K 
T'surr 300 K 



The entropy change of universe due to this process is 

Sgen = AS total = A.S air + A.S' surr = -2.488 + 3.59 = 1 .1 0 kJ/K 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 




7-61 


7-101 A container filled with liquid water is placed in a room and heat transfer takes place between the container and the air 
in the room until the thermal equilibrium is established. The final temperature, the amount of heat transfer between the 
water and the air, and the entropy generation are to be determined. 

Assumptions 1 Kinetic and potential energy changes are negligible. 2 Air is an ideal gas with constant specific heats. 3 The 
room is well-sealed and there is no heat transfer from the room to the surroundings. 4 Sea level atmospheric pressure is 
assumed. P = 101.3 kPa. 


'j 

Properties The properties of air at room temperature are R = 0.287 kPa.m /kg.K, c p = 1.005 kJ/kg.K, c v = 0.718 kJ/kg.K. 
The specific heat of water at room temperature is c w = 4.18 kJ/kg.K (Tables A-2, A-3). 


Analysis (a) The mass of the air in the room is 


m 


a 


PV (101.3 kPa)(90m 3 ) -HI 5kg 

RT ai (0.287 kPa-m 3 /kg- K)(12 + 273 K) 


An energy balance on the system that consists of the water in the container and 
the air in the room gives the final equilibrium temperature 

0 = ni w c w (T 2 -T wl ) + m a c v (T 2 - T al ) 

0 = (45 kg)(4.18 kJ/kg.K)(r 2 -95) + (1 1 1.5 kg)(0.718 kJ/kg.K)(r 2 -12) 



>T 2 =70.2°C 


(b) The heat transfer to the air is 

Q = m a c v (T 2 ~T al ) = (1 11.5kg)(0.718kJ/kg.K)(70.2-12) - 4660 kJ 


(c) The entropy generation associated with this heat transfer process may be obtained by calculating total entropy change, 
which is the sum of the entropy changes of water and the air. 


A S w = m w c w In 




T, 


= (45 kg)(4. 1 8 kJ/kg.K)ln 


w 1 


(70.2 + 273) K 
(95 + 273) K 


-13.1 1 kJ/K 


p = m a RT 2 = (111,5 kg)(0.287 kPa ■ m 3 /kg ■ K)(70.2 + 273 K) = m kpa 

2 ii , ^ ^ 3 


i/ 


(90 m J ) 


A S a = m a 


T P 

c In — - R In 2 

r r r 
V 1 a\ 


P 


1 J 


= (111-5 kg) 


(1 .005 kJ/kg.K)ln (7 °' 2 + 273) K _ ( 0 . 2 87 kJ/kg.K)ln 122 kPa 


(12 + 273) K 


101.3 kPa 


= 14.88 kJ/K 


=AS total = A5„, + AS „ = -13.11 + 14.88 = 1.77 kJ/K 


gen 


vv 
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7-102 An ideal gas is compressed in an isentropic compressor. 10% of gas is compressed to 600 kPa and 90% is 
compressed to 800 kPa. The compression process is to be sketched, and the exit temperatures at the two exits, and the mass 
flow rate into the compressor are to be determined. 

Assumptions 1 The compressor operates steadily. 2 The process is reversible-adiabatic (isentropic) 

Properties The properties of ideal gas are given to be c p = 1.1 kJ/kg.K and c v = 0.8 kJ/kg.K. 

Analysis (b) The specific heat ratio of the gas is 


k = 


c 


p 


1.1 


c v 0.8 


= 1.375 


The exit temperatures are determined from ideal gas isentropic relations to be 


t 2 =P 


T 3 =T i 


' PC 


(k-l)/k 


J 


r p M*- 1 )/* 


= (l5 + 273 K f^ 
\ 100 kPa 


x 0.375/1.375 


J 


= (l5 + 273 K 


f 


800 kPa 


A 


0.375/1.375 


\100 kPa 

(c) A mass balance on the control volume gives 
m l = m 2 + m 3 


= 469.5 K 


507.8 K 


P 3 = 800 kPa 



T i = 288 K 


where 


tii 2 = 0. \m { 
m 3 = 0.9m, 


We take the compressor as the system, which is a control 
volume. The energy balance for this steady-flow system can be 
expressed in the rate form as 


^in ^out 

V 

Rate of net energy transfer 
by heat, work, and mass 


a 17 (steady) 

system 

V, J 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 


m x h x + W m = in 2 h 2 + 

> h \Cp r \ + W ia = 0. \>hf p T 2 + 0.9 m lCp T 3 



s 


Solving for the inlet mass flow rate, we obtain 


1 c p [o. i(r 2 -7Y) + o.9(t 3 -r, )] 

32 kW 

~ (1.1 kJ/kg • K)[o. 1(469.5 - 288) + 0.9(507.8 - 288)] 

= 0.1347 kg/s 
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7-103E Air is charged to an initially evacuated container from a supply line. The minimum temperature of the air in the 
container after it is filled is to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Air is an ideal gas with 
constant specific heats. 3 Kinetic and potential energies are negligible. 4 There are no work interactions involved. 5 The 
tank is well-insulated, and thus there is no heat transfer. 

Properties The specific heat of air at room temperature is c p = 0.240 Btu/lbm-R (Table A-2Ea). 

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, 
the mass and entropy balances for this uniform-flow system can be expressed as 

Mass balance : 



m 2 s 2 ~ m 2 s ( > 0 

*2 -Sj> 0 


The minimum temperature will result when the equal sign applies. Noting that P 2 = P„ we have 
s 7 - S: = c n In — - R In — = 0 > c In — = 0 

^ 1 y r r p / ; t 

1 i r i 1 i 

Then, 

T 2 = T i =100°F 
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7-104C The work associated with steady-flow devices is proportional to the specific volume of the gas. Cooling a gas 
during compression will reduce its specific volume, and thus the power consumed by the compressor. 


7-105C Cooling the steam as it expands in a turbine will reduce its specific volume, and thus the work output of the 
turbine. Therefore, this is not a good proposal. 


7-106C We would not support this proposal since the steady-flow work input to the pump is proportional to the specific 
volume of the liquid, and cooling will not affect the specific volume of a liquid significantly. 


7-107E Air is compressed isothermally in a reversible steady-flow device. The work required is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 There is no heat transfer associated with 
the process. 3 Kinetic and potential energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The gas constant of air is R = 0.06855 Btu/lbm-R (Table A- IE). 


Analysis Substituting the ideal gas equation of state into the reversible 
steady-flow work expression gives 


z z 

W in = J vdP = | 


dP 

P 


= RT In 


Pi 

P 


= (0.06855 Btu/lbm • R)(90 + 460 K)ln| 

= 68.5 Btu/lbm 


^80psia A 
13psia 


80 psia 
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7-108 Saturated water vapor is compressed in a reversible steady-flow device. The work required is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 There is no heat transfer associated with 
the process. 3 Kinetic and potential energy changes are negligible. 

Analysis The properties of water at the inlet state are 
T x = 150°C 


v, = 1 


P x = 476.16kPa 
i/, = 0.39248 m 3 /kg 


(Table A -4) 


Noting that the specific volume remains constant, the reversible steady-flow work 
expression gives 


w 


in 


z 

= j uiP = Vl (P 2 - Pi) 



= (0.39248 m 3 /kg)(1000 - 476. 16)kPa 

= 205.6 kJ/kg 


lkJ 


lkPa-m 


7-109E The reversible work produced during the process shown in the figure is to be determined. 
Assumptions The process is reversible. 


Analysis The work produced is equal to the areas to the left of 
the reversible process line on the P- v diagram. The work done 
during the process 2-3 is zero. Then, 


W 13 = w 12 + 0=1 vdP = 


z 


v l +v 2 

2 


i) 


(1 + 3.3)fr/lbm 
2 


(300 - 15)psia 


r 1 Btu N 
5.404 psia • ft 3 



= 113.4 Btu/lbm 
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7-110 The reversible work produced during the process shown in the figure is to be determined. 
Assumptions The process is reversible. 

Analysis The reversible work relation is 

2 

Wj 2 = J vdP 


When combined with the ideal gas equation of state 
RT 


v = 


P 


The work expression reduces to 

2 2 

W12 



j» j* //D p 

= I vdP = -RT\ — = -RT In — = -P 2 v 2 ln 

l l 1 


h 

p 


= -(600 kPa)(0.002 m 3 /kg)ln 6 °° kPa 


lkJ 


lkPa • m 


200 kPa 

- -1 .32 kJ/kg 

The negative sign indicates that work is done on the system in the amount of 1.32 kJ/kg. 


7-111 Liquid water is to be pumped by a 25-kW pump at a specified rate. The highest pressure the water can be pumped to 
is to be determined. 


Assumptions 1 Liquid water is an incompressible substance. 2 Kinetic and potential energy changes are negligible. 3 The 
process is assumed to be reversible since we will determine the limiting case. 

Properties The specific volume of liquid water is given to be v x = 0.001 m 3 /kg. 

Analysis The highest pressure the liquid can have at the pump exit can be determined from the reversible steady-flow work 
relation for a liquid, 


W [n = j* udP + Ake^° + Ape^° = m v { (p 2 ~ P \ ) 


Thus, 


25 kJ/s = (5 kg/s)(0.001 m 3 /kg)(P 2 - 100)k Pa 


r lkJ 
v 1 kPa • m 3 y 


It yields 


Po =5100 kPa 


P 2 



100 kPa 
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7-112 A steam power plant operates between the pressure limits of 5 MPa and 10 kPa. The ratio of the turbine work to the 
pump work is to be determined. 

Assumptions 1 Liquid water is an incompressible substance. 2 Kinetic and potential energy changes are negligible. 3 The 
process is reversible. 4 The pump and the turbine are adiabatic. 

Analysis Both the compression and expansion processes are reversible and adiabatic, and thus isentropic, 
s\ = s 2 and s 3 = s 4 . Then the properties of the steam are 
P 4 = 1 0 kPa 

^4 “ @10 kPa = 8.1488 kJ/kg • K 


sat. vapor 


P 3 = 5 MPa 


So = .v. 


^4 “ h g @ 10 kPa _ 2583.9 kJ/kg 


h 3 =4608.1 kJ/kg 


Also, i/i = Vf@ iokp a = 0.00101 m 3 /kg. 

The work output to this isentropic turbine is determined from 
the steady-flow energy balance to be 


^in ^out 


A E 


<P0 (steady) 



system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in = ^out 

mh 3 = mh 4 + W out 
^out = ™Qh ~ K) 

Substituting, 

w tU rb,out = h 3 ~ h 4 = 4608.1 - 2583.9 = 2024.2 kJ/kg 

The pump work input is determined from the steady- flow work relation to be 

2 


XV 


pump 


?in = J vdP + A ke^° + A pe^° = v x [P 2 - P x ) 

= (0.00101 m 3 /kg)(5000 - 10)kPa' 1 kJ 

= 5.041 kJ/kg 


lkPa • m 


Thus, 


w 


turb,out 2024.2 


w 


pump, in 


5.041 


402 
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7-113 mttm Problem 7-112 is reconsidered. The effect of the quality of the steam at the turbine exit on the net work output 
is to be investigated as the quality is varied from 0.5 to 1.0, and the net work output us to be plotted as a function of this 
quality. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Knowns:" 

WorkFluid$ = 'SteamJAPWS' 
P[1] = 10 [kPa] 
x[1] = 0 

P[2] = 5000 [kPa] 
x[4] = 1 .0 


"Pump Analysis:" 

T[1]=temperature(WorkFluid$,P=P[1],x=0) 
v[1]=volume(workFluid$,P=P[1],x=0) 
h[1]=enthalpy(WorkFluid$,P=P[1],x=0) 
s[1 ]=entropy(WorkFluid$,P=P[1 ],x=0) 
s[2] = s[1] 

h[2]=enthalpy(WorkFluid$,P=P[2],s=s[2]) 

T[2]=temperature(WorkFluid$,P=P[2],s=s[2]) 

"The Volume function has the same form for an ideal gas as for a real fluid." 
v[2]=volume(WorkFluid$,T=T[2],p=P[2]) 

"Conservation of Energy - SSSF energy balance for pump" 

" -- neglect the change in potential energy, no heat transfer:" 
h[1]+W_pump = h[2] 

"Also the work of pump can be obtained from the incompressible fluid, steady-flow result:" 
W_pump_incomp = v[1]*(P[2] - P[1]) 

"Conservation of Energy - SSSF energy balance for turbine - neglecting the change in potential energy, no 
heat transfer:" 

P[4] = P[1] 

P[3] = P[2] 

h[4]=enthalpy(WorkFluid$,P=P[4],x=x[4]) 

s[4]=entropy(WorkFluid$,P=P[4],x=x[4]) 

T[4]=temperature(WorkFluid$,P=P[4],x=x[4]) 
s[3] = s[4] 

h[3]=enthalpy(WorkFluid$,P=P[3],s=s[3]) 

T[3]=temperature(WorkFluid$,P=P[3],s=s[3]) 
h[3] = h[4] + W_turb 
W_net_out = W_turb - W_pump 
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x 4 

Wnet.out 

rkJ/kql 

0.5 

555.6 

0.55 

637.4 

0.6 

719.2 

0.65 

801 

0.7 

882.8 

0.75 

971.2 

0.8 

1087 

0.85 

1240 

0.9 

1442 

0.95 

1699 

1 

2019 



x[4] 
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7-114 Liquid water is pumped by a 70-kW pump to a specified pressure at a specified level. The highest possible mass 
flow rate of water is to be determined. 


Assumptions 1 Liquid water is an incompressible substance. 2 Kinetic energy changes are 
negligible, but potential energy changes may be significant. 3 The process is assumed to 
be reversible since we will determine the limiting case. 

Properties The specific volume of liquid water is given to be i/j = 0.001 m 3 /kg. 

Analysis The highest mass flow rate will be realized when the entire process is reversible. 
Thus it is determined from the reversible steady-flow work relation for a liquid, 


Wj n = j* v dP + Ake^° + Ape = rh{v(P 2 - P x ) + g(z 2 ~ Z \ )} 


Thus, 


7 kJ/s = m\ 


(0.001 m7kg)(5000-120)kPa 


' lkJ ^ 
1 kPa • m 3 


+ (9.8m/s 2 )(10m) 


r 1 kJ/kg N 
v 1000 m 2 /s 2 j 


P, = 5 MPa \ 



It yields 

m - 1.41 kg/s 
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7-115E Helium gas is compressed from a specified state to a specified pressure at a specified rate. The power input to the 
compressor is to be determined for the cases of isentropic, polytropic, isothermal, and two-stage compression. 

Assumptions 1 Helium is an ideal gas with constant specific heats. 2 The process is reversible. 3 Kinetic and potential 
energy changes are negligible. 

Properties The gas constant of helium is R = 2.6805 psia.ftVlbm.R = 0.4961 
Btu/lbm.R. The specific heat ratio of helium is k = 1.667 (Table A-2E). 


Analysis The mass flow rate of helium is 

P Y 0 X (l 6 psia )(l 0 ft 3 /s 


m = 


RT X (2.6805 psia • ft 3 /lbm • Rj(545 r) 

(a) Isentropic compression with k = 1.667: 


= 0.1095 lbm/s 


VT = ni 

r comp, in 


hRT x 

k^\ 


r p \(*-i)/* 



10 ft/s 


\ p \ J 


-1 


= (0.1095 lb m,s) ( 1 - 6<i7 > 0 - 4<,61B, " / ' bm - R X 545 R ) j 
' 1.667-1 


= 91.74 Btu/s 

= 129.8 hp since 1 hp = 0.7068 Btu/s 

(b) Polytropic compression with n = 1.2: 


• ^ 667/L667 

120 psia 

16 psia 


-1 


VP — nn 

rr comp, in 


nRT x 
n — 1 


r p \M) /n 


\ p \ J 


-1 


= ,0.1095 lbm /s) < 1 - 2 > (04%1B,U,lbm - R > 545 R > j 
7 1 . 2-1 


• \ 0 . 2 / 1. 2 

120 psia 

16 psia 


-1 


= 70.89 Btu/s 
= 100.3 hp since 1 hp = 0.7068 Btu/s 

(c) Isothermal compression: 

P 120 nsia 

Domnin = mRT In = (o. 1095 lbm/s)(0.4961 Btu/lbm • RY545 R )l n ^ ^ — = 59.67 Btu/s = 84.42 hp 

P x 16 psia 

(d) Ideal two-stage compression with intercooling ( n = 1.2): In this case, the pressure ratio across each stage is the same, 
and its value is determined from 

P x = ^P X P 2 = -yji 16 psia)(l20 psia) = 43.82 psia 

The compressor work across each stage is also the same, thus total compressor work is twice the compression work for a 
single stage: 


^comp,in = 2 " W comp,T = 2 ^ 


r p 


K P \ J 


-1 


= 2(0.1095 lbm/s) 


n — 1 

(l .2X0.4961 Btu/lbm- R)(545 r) 


1 . 2-1 

= 64.97 Btu/s 

= 91.92 hp since 1 hp = 0.7068 Btu/s 


/ X 0.2/1. 2 

^ 43 82 psia A 
14 psia 


-1 
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7-116E 



Problem 7-1 15E is reconsidered. The work of compression and entropy change of the helium is to be 


evaluated and plotted as functions of the polytropic exponent as it varies from 1 to 1.667. 
Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Given" 

PI =16 [psia] 

T1 =85+460 
V1_dot=10 [ft A 3/s] 
P2=1 20 [psia] 
n=1 .2 


"Properties" 

R=0.4961 [Btu/lbm-R] 

R1 =2.6805 [psia-ft A 3/lbm-R] 
k=1 .667 

c_p=1 .25 [Btu/lbm-R] 

"Analysis" 

m_dot=(P1 *V1_dot)/(R1 *T1 ) 

W_dot_comp_in_a=m_dot*(k*R*T 1 )/(k-1 )*((P2/P1 ) A ((k-1 )/k)-1 )*Convert(Btu/s, hp) 
W_dot_comp_in_b=m_dot*(n*R*T 1 )/(n-1 )*((P2/P1 ) A ((n-1 )/n)-1 )*Convert(Btu/s, hp) 
W_dot_compJn_c=m_dot*R*T 1 *ln(P2/P1 )*Convert(Btu/s, hp) 

P_x=sqrt(P1*P2) 

W_dot_comp_in_d=2*m_dot*(n*R*T1 )/(n-1 )*((P_x/P1 ) A ((n-1 )/n)-1 )*Convert(Btu/s, hp) 

"Entropy change" 

T2/T 1 =(P2/P1 ) A ((n-1 )/n) 

DELTAS_He=m_dot*(c_p*ln(T2/T 1 )-R*ln(P2/P1 )) 


n 

Wcomp,in,a 

[hp] 

Wcompjnb 

[hp] 

Wcomp,in,c 

[hp] 

Wcomp,in,d 

[hp] 

AS|He 

[Btu/s-R] 

i 

129.8 

84.42 

84.42 

84.42 

-0.1095 

i.i 

129.8 

92.64 

84.42 

88.41 

-0.0844 

1.2 

129.8 

100.3 

84.42 

91.92 

-0.0635 

1.3 

129.8 

107.5 

84.42 

95.04 

-0.04582 

1.4 

129.8 

114.1 

84.42 

97.82 

-0.03066 

1.5 

129.8 

120.3 

84.42 

100.3 

-0.01753 

1.6 

129.8 

126.1 

84.42 

102.6 

-0.006036 

1.667 

129.8 

129.8 

84.42 

104 

0.0008937 
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7-117 Water mist is to be sprayed into the air stream in the compressor to cool the air as the water evaporates and to reduce 
the compression power. The reduction in the exit temperature of the compressed air and the compressor power saved are to 
be determined. 


Assumptions 1 Air is an ideal gas with variable specific heats. 2 The process is reversible. 3 Kinetic and potential energy 
changes are negligible. 3 Air is compressed isentropically. 4 Water vaporizes completely before leaving the compressor. 4 
Air properties can be used for the air-vapor mixture. 

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-l). The specific heat ratio of air is k = 1.4. The inlet 
enthalpies of water and air are (Tables A-4 and A- 17) 


K\ = /*f@ 2 o°c = 83.29 kJ/kg , h fg@ 2 o°c = 2453.9 kJ/kg and h al = h @3 0 ok =300.19 kJ/kg 

Analysis In the case of isentropic operation (thus no cooling or water spray), the exit temperature and the power input to 
the compressor are 


h 

Tx 


r p x(*-i V* 


K p i J 


-+T 2 = (300 K) 


1200 kPa 
100 kPa 


( 1 . 4 - 1 )/ 1.4 


610.2 K 


W, 


comp, in 



- (2 ., k8/s) (1-4X0.287 kJ/kg. KX300 K)| 1200 kpa/100 ^,,,4 


-1 = 654.3 kW 


When water is sprayed, we first need to check the accuracy of the assumption 
that the water vaporizes completely in the compressor. In the limiting case, the 
compression will be isothermal at the compressor inlet temperature, and the 
water will be a saturated vapor. To avoid the complexity of dealing with two 
fluid streams and a gas mixture, we disregard water in the air stream (other 
than the mass flow rate), and assume air is cooled by an amount equal to the 
enthalpy change of water. 

The rate of heat absorption of water as it evaporates at the inlet 
temperature completely is 

2cooiing,max = K h f g @ 2 o°c = (0.2 kg/s)(2453 .9 kJ/kg) - 490.8 kW 


2 



The minimum power input to the compressor is 


W C omp,in,min = mRT liA = (2.1 kg/s)(0.287 kJ/kg • K)(300 K) In 

M 


/ 1200 kPa^ 
100 kPa . 


449.3 kW 


This corresponds to maximum cooling from the air since, at constant temperature, Ah = 0 and thus Q out = W [n = 449.3 kW , 

which is close to 490.8 kW. Therefore, the assumption that all the water vaporizes is approximately valid. Then the 
reduction in required power input due to water spray becomes 


AW, 


comp, in 


= W -W 

T comp, isentropic f comp, isothermal 


— 654.3 449.3 — 203 kW 


Discussion (can be ignored): At constant temperature, Ah = 0 and thus Q out = W in = 449.3 kW corresponds to maximum 

cooling from the air, which is less than 490.8 kW. Therefore, the assumption that all the water vaporizes is only roughly 
valid. As an alternative, we can assume the compression process to be polytropic and the water to be a saturated vapor at 
the compressor exit temperature, and disregard the remaining liquid. But in this case there is not a unique solution, and we 
will have to select either the amount of water or the exit temperature or the polytropic exponent to obtain a solution. Of 
course we can also tabulate the results for different cases, and then make a selection. 

Sample Analysis : We take the compressor exit temperature to be T 2 = 200°C = 473 K. Then, 

K 2 = //g@200°c = 2792.0 kJ/kg and h . d2 = h @ 41 3 K = 475.3 kJ/kg 

Then, 
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t 2 p 2 


T {Pi 


(n- 1 )/ n 


473 K ( 1200 kPa 


300 K l lOOkPa 


(«-l )/ n 


-> n = 1.224 


VP — 777 - 

r comp, in 




_l} =m ^(7 2 -7 l ) 
n - 1 


= (2.1k g /s) < 1 224 X° 287kJ,ke - K ) (473 - 300)K = 570kW 

1.224-1 

Energy balance: 

W'comp.in - Gout = “ K) Gout = ^comp.in - " l ( h 2 ~ h \) 

= 569.7 kW - (2.1 kg/s)(475.3 - 300.19) = 202.0 kW 

Noting that this heat is absorbed by water, the rate at which water evaporates in the compressor becomes 


Sout.air Q 


out, air ^in, water " L xv\' l w2 ' L xv\ 


= <( h w2~ h wl) 


2in, water 202.0 kJ/s / 

m w = = = 0.0746 kg/s 

h w2 ~ h wX (2792.0- 83.29) kJ/kg 


Then the reductions in the exit temperature and compressor power input become 
AT 2 = T 2 isentropic - T 2?water cooled = 610.2-473 = 137.2° C 
AW . -W -W , , = 6^4 3-^70 = 84 3 kW 

L - yyr comp,m rr comp , lsentropic yr comp , water cooled 


Note that selecting a different compressor exit temperature T 2 will result in different values. 


7-118 A water-injected compressor is used in a gas turbine power plant. It is claimed that the power output of a gas turbine 
will increase when water is injected into the compressor because of the increase in the mass flow rate of the gas (air + water 
vapor) through the turbine. This, however, is not necessarily right since the compressed air in this case enters the 
combustor at a low temperature, and thus it absorbs much more heat. In fact, the cooling effect will most likely dominate 
and cause the cyclic efficiency to drop. 
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7-76 

Isentropic Efficiencies of Steady-Flow Devices 

7-119C The ideal process for all three devices is the reversible adiabatic (i.e., isentropic) process. The adiabatic 
efficiencies of these devices are defined as 

actual work output insentropic work input , actual exit kineticenergy 

77 = 7 , 77 = : , and rj = : : — : — : 

1 insentropic work output ( actual work input N insentropic exit kinetic energy 


7-120C No, because the isentropic process is not the model or ideal process for compressors that are cooled intentionally. 


7-121C Yes. Because the entropy of the fluid must increase during an actual adiabatic process as a result of 
irreversibilities. Therefore, the actual exit state has to be on the right-hand side of the isentropic exit state 
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7-77 


7-122E Steam is compressed in an adiabatic closed system with an isentropic efficiency of 80%. The work produced and 
the final temperature are to be determined. 

Assumptions 1 Kinetic and potential energy changes are negligible. 2 The device is adiabatic and thus heat transfer is 
negligible. 

Analysis We take the steam as the system. This is a closed system since no mass enters or leaves. The energy balance for 
this stationary closed system can be expressed as 


-^in -^out 


A E 


system 


Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

-W 0 ut =A U=m(u 2 -u x ) 


Wont =U X -U 2 


From the steam tables (Tables A- 5 and A-6), 


P x =100 psia 
T x = 650°F 


u x = 1233.7 Btu/lbm 
s x =1.7816 Btu/lbm -R 



P 2 = 1 MPa 

S 2s ~ s \ 


\ x 2s 


11 2s 


s 2s ~s f 1.7816-0.47427 Qnf?61 
s fg 1.12888 

= Uj- + x 2s +Uf g =298.19 + 0.996 lx 807.29 = 1068.4 Btu/lbm 


The work input during the isentropic process is 

w s . 0ll t -u 2s = (1233.7 - 1068.4)Btu/lbm = 165.3 Btu/lbm 


The actual work input is then 

w a , out =l li sen w s ,out =(0.80)(165.3 Btu/lbm) =132.2 Btu/lbm 


The internal energy at the final state is determined from 


^out = u l ~ u 2 


■>m 2 =«! -w out = (1233.7 


Using this internal energy and the pressure at the final 


P 2 =10 psia 

u 2 = 1 101.4 Btu/lbm 


>T, =274.6°F 


- 1 32.2)Btu/lbm = 1 1 0 1 .4 Btu/lbm 

state, the temperature is determined from Table A-6 to be 
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7-78 


7-123 Steam is expanded in an adiabatic turbine with an isentropic efficiency of 0.92. The power output of the turbine is to 
be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 

Analysis There is only one inlet and one exit, and thus m x = m 2 = m . We take the actual turbine as the system, which is a 

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 



Rate of net energy transfer 
by heat, work, and mass 


a p <^0 (steady) 
system 

v, J 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 



mh x - W a out + mh 2 (since Q = Ake = Ape = 0) 
W„,out =m{h x -h 2 ) 


From the steam tables (Tables A-4 through A-6), 


P x = 3 MPa 
T x = 400°C 


h x =3231.7kJ/kg 
s x = 6.9235 kJ/kg-K 


P i = 3 MPa 
T x = 400°C 



P 2s = 30 kPa 
“ ^1 


x 2s 

h 2s 


_S 2 , .v /= 6,9235 0.944. _ ()8763 
s fi 6 ' 8234 

= h f +x 2s h fg = 289.27 + (0.8763)(2335.3) = 2335.7 kJ/kg 


The actual power output may be determined by multiplying the isentropic power output with the isentropic efficiency. 
Then, 

<o* — s, out 

= Tj T m{h x -h 2s ) 

= (0.92)(2 kg/s)(3231.7 -2335.7)kJ/kg 

= 1 649 kW 
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7-79 


7-124 Steam is expanded in an adiabatic turbine with an isentropic efficiency of 0.85. The power output of the turbine is to 
be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 

Analysis There is only one inlet and one exit, and thus m x = m 2 = m . We take the actual turbine as the system, which is a 

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


p. - p - \p ( stead y) _ a 

^ in ^ out system u 

V v ' v V ' 

Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 


mh x = W a , out + rhh 2 (since Q = Ake = Ape = 0) 

w a , out =m(h\ -h 2 ) 


From the steam tables (Tables A-4 through A-6), 


Pj = 3 MPa 1 h x =3231.7kJ/kg 
T x = 400°C J s x = 6.9235 kJ/kg-K 


Pi = 3 MPa 
r, = 400°c 



P 2 = 30 kPa 


= 


^2s ~ s f _ 6.9235-0.9441 
~ 6.8234 


= 0.8763 


h 2s =h f +x 2s h fe = 289.27 + (0.8763)(2335.3) = 2335.7 kJ/kg 


The actual power output may be determined by multiplying the isentropic power output with the isentropic efficiency. 
Then, 


^ a, out 7 T W s 5 o U t 

= 7j T m(h x -h 2s ) 

= (0.85)(2 kg/s) (3 23 1 .7 - 2335.7)kJ/kg 

= 1523 kW 
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7-80 


7-125 Steam enters an adiabatic turbine at a specified state, and leaves at a specified state. The mass flow rate of the steam 
and the isentropic efficiency are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 
3 The device is adiabatic and thus heat transfer is negligible. 


Analysis (a) From the steam tables (Tables A-4 and A-6), 


1 


P x =l MPa 
T x = 600°C 


P 2 = 50 kPa 
T 2 = 150°C 


h x = 3650.6 kJ/kg 
5' 1 = 7.0910 kJ/kg • K 

h 2a =2780.2 kJ/kg 


There is only one inlet and one exit, and thus m x = m 2 = m . We take the actual 

turbine as the system, which is a control volume since mass crosses the boundary. 
The energy balance for this steady-flow system can be expressed in the rate form 
as 



^in ^out 


A E, 


<+0 (steady) 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in ~ ^out 

m(h x + V x / 2) = W . d ?out + m(h 2 + V x 1 2) (since Q = Ape = 0) 


^a,out ^ 


' . vf-vp 

h 2 -h x -\ — 

2 

v z j 


Substituting, the mass flow rate of the steam is determined to be 


6000 kJ/s = -m 


2780.2-3650.6 + 


(140 m/s) 2 -(80 m/s) 


2 / 1 kJ/kg 


2 




1000 m 2 /s 2 


m = 6.95 kg/s 

( b ) The isentropic exit enthalpy of the steam and the power output of the isentropic turbine are 

s 2s ~ s f 7.0910 - 1.0912 


P 2s = 50 kPa 

^2, = ^1 


x 2i 


fg 


6.5019 


= 0.9228 


h 2s =h f +x 2s h k = 340.54 + (0.9228)(2304.7)= 2467.3 kJ/kg 


and 




s,out 


= -m[h 2s -h x +\\y 2 -V x 1/2 


W, „ - -(6.95 kg/sf 2467.3-3650.6 + (»0 m/s) : -(80 oOsKV _UcOkj 

:, ’ uul v 7 I 2 mnn ...// 


= 8174 kW 

Then the isentropic efficiency of the turbine becomes 


1000 m7s‘ 


6000 kW 


w 8174 kW 


= 0.734 = 73.4% 
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7-81 


7-126E Combustion gases enter an adiabatic gas turbine with an isentropic efficiency of 82% at a specified state, and leave 
at a specified pressure. The work output of the turbine is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Combustion gases can be treated as air that is an 
ideal gas with variable specific heats. 

Analysis From the air table and isentropic relations, 1 



There is only one inlet and one exit, and thus m x = m 2 = m . We take the actual turbine as the 

system, which is a control volume since mass crosses the boundary. The energy balance for 
this steady- flow system can be expressed as 

^in = ^out 

mh { = W, d 0U[ + mh 2 (since Q = Ake = Ape = 0) 

^a, out =m{h x -h 2 ) 

Noting that w a = rj T w s , the work output of the turbine per unit mass is determined from 
w a = (0.82)(504.71-417.3)Btu/lbm = 71.7 Btu/lbm 
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7-82 


7-127 Air is compressed by an adiabatic compressor with an isentropic efficiency of 95%. The power input is to be 
determined. 

Assumptions 1 This is a steady- flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with constant specific heats. 

Properties The properties of air at the anticipated average temperature of 400 K are c p = 1.013 kJ/kg-°C and k = 

1.395 (Table A-2b). 

Analysis We take the compressor as the system, which is a control volume since mass crosses the boundary. Noting that 
one fluid stream enters and leaves the compressor, the energy balance for this steady-flow system can be expressed in the 
rate form as 


^in ^out 


A E 


710 (steady) 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in = -^out 

mh\ + W m = mh 2 

W in = ™( h 2 ~ h \) = ™ C P ( T 2 ~ T \ ) 
The isentropic exit temperature is 


T 2s = Ti 


f p 


\ p \ j 


= (293 K) 


700 kPa 


X 0.395/1.395 


= 508.3 K 


P 2 = 700 kPa 



T, = 20°C 


100 kPa 

y 

The power input during isentropic process would be 

W s ,in = me p (: T 2s - T x ) = (2 kg/s) (1.0 13 kJ/kg • K)(508.3 - 293)K - 436.3 kW 
The power input during the actual process is 
W s ,in 436.3 kW 


W = 

rr in 


n c 


0.95 


= 459.3 kW 
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7-128 Steam is expanded in an adiabatic turbine. The isentropic efficiency is to be determined. 

Assumptions 1 This is a steady- flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 

Analysis There is only one inlet and one exit, and thus m x = m 2 = rh . We take the actual turbine as the system, which is a 

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 



v 

Rate of net energy transfer 
by heat, work, and mass 


A 77 <P0 (steady) 

LSJ2j system 


= 0 


v 

Rate of change in internal, kinetic, 
potential, etc. energies 


^in “ ^out 

mh x = W a out + mh 2 (since Q = Ake = Ape = 0) 
W*, out =rh(h l -h 2 ) 


From the steam tables (Tables A-4 through A-6), 


P x = 4 MPa 
T x = 350°C 

P 2 = 120 kPa 

v 2 =1 


h x = 3093.3 kJ/kg 
s x =6.5843 kJ/kg -K 

>h 2 =2683.1 kJ/kg 


P 2s =120 kPa 1 jc 2? =0.8798 
s 2s =s x J h 2s =2413.4 kJ/kg 


From the definition of the isentropic efficiency, 


Pi = 4 MPa 
T\ = 350°C 




^,out _ rn(h x -h 2 ) _ h x -h 2 

W Si out m{h x — h 2s ) h x -h 2s 


3093.3- 2683.1 

3093.3- 2413.4 


= 0.603 = 60 . 3 % 
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7-129 Air is expanded by an adiabatic turbine. The isentropic efficiency is to be determined. 


Assumptions 1 This is a steady- flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at the anticipated average temperature of 400 
K are c p = 1.013 kJ/kg-°C and k = 1.395 (Table A-2a). 


Analysis We take the turbine as the system, which is a control volume since 
mass crosses the boundary. Noting that one fluid stream enters and leaves the 
turbine, the energy balance for this steady-flow system can be expressed in 
the rate form as 


^in ^out 

v. j 

V 

Rate of net energy transfer 
by heat, work, and mass 


A E 


system 


<P0 (steady) 


= 0 


v 

Rate of change in internal, kinetic, 
potential, etc. energies 


E[ n ~ -^out 

mh x = W a ouX + mh 2 (since Q = Ake = Ape = 0) 


< 0 * = rh ( h i - h 2 )=mc p (T \ -T 2 ) 


The isentropic exit temperature is 



P 


P 


\(k-\)/k 


2 s 


yPu 


f 


= (327 + 273 K) 

v 


100 kPa ^ 
2000 kPa y 


0.395/1.395 


= 256.9 K 


From the definition of the isentropic efficiency, 


P x = 2 MPa 
T, = 327°C 




^a , out _ h\ ^2 _ C P (^1 ^2 ) _ T x T 2 

w .?,out h x -h 2 s c p (T x -T 2s ) T x -T ls 


600-273 

900-256.9 


= 0.953 = 95.3% 


7-130 R-134a is compressed by an adiabatic compressor with an isentropic efficiency of 85%. The power required is to be 
determined. 


Assumptions 1 This is a steady- flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 

Analysis From the R-134a tables (Tables A-l 1 through A- 13), 


T x = 20°C 
x = 1 (sat. vap.) 


h x = 261.59 kJ/kg 
s x = 0.9223 kJ/kg • K 


P 2 = 1000 kPa 

s 2s =s x = 0.9223 kJ/kg • K 


h 2s =273.11 kJ/kg 


The power input during isentropic process would be 

W/ sin =rii(h 2s -h x ) = ( 0.5 kg/s)(273.1 1-261.59) kJ/kg = 5.76 kW 


1 MPa 



20°C 
sat. vapor 


The power input during the actual process is 



7c 


5.76 kW 
0.85 


6.78 kW 
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7-85 



7-131 Refrigerant- 134a enters an adiabatic compressor with an isentropic efficiency of 0.80 at a specified state with a 
specified volume flow rate, and leaves at a specified pressure. The compressor exit temperature and power input to the 
compressor are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 

Analysis (a) From the refrigerant tables (Tables A-l IE through A-13E), 2 


P ] =100 kPa 
sat. vapor 


- ^g@ioo kPa - 234.44 kJ/kg 


!> .S', = s 


S@100 


= 1 / 


kPa =0.95183 kJ/kg -K 

3 


P 2 = 1 MPa 


S 2s - ^1 


’g@ioo kPa -0.19254 m /kg 
h 2s =282.51 kJ/kg 

From the isentropic efficiency relation, 

-> h 2a = /;, + (h 2 , - /;, )/ 77 = 234.44 + (282.5 1 - 234.44)/0.87 = 289.69 kJ/kg 



h 2s ~ h \ 

77 =— 1 

C lj J j 

n 2 a n ' 


Thus. 


P 2a = 1 MPa 


T 2a = 56.5°C 


h 2a =289.69 kJ/kg 
(b) The mass flow rate of the refrigerant is determined from 


0.7/60 nr/s 


m = 




0.19254 m 3 /kg 


= 0.06059 kg/s 


There is only one inlet and one exit, and thus m x = m 2 = m . We take the actual compressor as the system, which is a control 
volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed as 

<p0 (steady) 


^in -^out 


A E, 


system 


= 0 


Rate ot net energy transfer R a t e of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in “ -^out 

Wa,in + ~ whi ( s i nce Q = Ake = Ape = 0) 

^a,in =m{h2-h x ) 

Substituting, the power input to the compressor becomes, 

W a , n zz (0.06059 kg/s)(289.69 - 234.44)kJ/kg = 3.35 kW 
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7-86 


7-132 



Problem 7-131 is reconsidered. The problem is to be solved by considering the kinetic energy and by 


assuming an inlet-to-exit area ratio of 1.5 for the compressor when the compressor exit pipe inside diameter is 2 cm. 
Analysis The problem is solved using EES, and the solution is given below. 


"Input Data from diagram window" 

{P[1] = 100 [kPa] 

P[2] = 1000 [kPa] 

Vol_dot_1 = 0.7 [m A 3/min] 

Eta_c = 0.87 "Compressor adiabatic efficiency" 

A_ratio = 1.5 
d_2 = 0.02 [m]} 

"System: Control volume containing the compressor, see the diagram window. 

Property Relation: Use the real fluid properties for R134a. 

Process: Steady-state, steady-flow, adiabatic process." 

Fluid$-R134a' 

"Property Data for state 1" 

T[1]=temperature(Fluid$,P=P[1],x=1)"Real fluid equ. at the sat. vapor state" 
h[1]=enthalpy(Fluid$, P=P[1], x=1)"Real fluid equ. at the sat. vapor state" 
s[1]=entropy(Fluid$, P=P[1], x=1)"Real fluid equ. at the sat. vapor state" 
v[1]=volume(Fluid$, P=P[1], x=1)"Real fluid equ. at the sat. vapor state" 

"Property Data for state 2" 
s_s[1]=s[1]; T_s[1]=T[1] "needed for plot" 

s_s[2]=s[1] "for the ideal, isentropic process across the compressor" 

h_s[2]=ENTHALPY(Fluid$, P=P[2], s=s_s[2])"Enthalpy 2 at the isentropic state 2s and pressure P[2]" 
T_s[2]=Temperature(Fluid$, P=P[2], s=s_s[2])"Temperature of ideal state - needed only for plot." 
"Steady-state, steady-flow conservation of mass" 
mdotl = m_dot_2 
m_dot_1 = Vol_dot_1/(v[1]*60) 

Vol_dot_1 /v[1 ]=Vol_dot_2/v[2] 

Vel[2]=Vol_dot_2/(A[2]*60) 

A[2] = pi*(d_2) A 2/4 

A_ratio*Vel[1]/v[1] = Vel[2]/v[2] "Mass flow rate: = A*Vel/v, A_ratio = A[1]/A[2]" 

A_ratio=A[1]/A[2] 

"Steady-state, steady-flow conservation of energy, adiabatic compressor, see diagram window" 
m_dot_1*(h[1]+(Vel[1]) A 2/(2*1000)) + W_dot_c= m_dot_2*(h[2]+(Vel[2]) A 2/(2*1000)) 

"Definition of the compressor isentropic efficiency, Eta_c=WJsen/W_act" 

Eta_c = (h_s[2]-h[1])/(h[2]-h[1]) 

"Knowing h[2], the other properties at state 2 can be found." 

v[2]=volume(Fluid$, P=P[2], h=h[2])"v[2] is found at the actual state 2, knowing P and h." 
T[2]=temperature(Fluid$, P=P[2],h=h[2])"Real fluid equ. for T at the known outlet h and P." 
s[2]=entropy(Fluid$, P=P[2], h=h[2]) "Real fluid equ. at the known outlet h and P." 

T_exit=T[2] 

"Neglecting the kinetic energies, the work is:" 
m_dot_1*h[1] + W_dot_c_noke= m_dot_2*h[2] 
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7-87 


SOLUTION 
A_ratio=1.5 
d_2=0.02 [m] 

Eta_c=0.87 
Fluid$='R1 34a' 
mdot_1 =0.06059 [kg/s] 
m dot_2=0. 06059 [kg/s] 
T_exit=56.51 [C] 
Vol_dot_1=0.7 [m A 3 /min] 
Vol_dot_2=0. 08229 [m A 3 /min] 
W_dot_c=3.33 [kW] 
W_dot_c_noke=3.348 [kW] 
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7-88 


7-133 Air enters an adiabatic compressor with an isentropic efficiency of 84% at a specified state, and leaves at a specified 
temperature. The exit pressure of air and the power input to the compressor are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with variable specific heats. 

Properties The gas constant of air is R = 0.287 kPa.m 3 /kg.K (Table A-l) 

Analysis ( a ) From the air table (Table A- 17), 2 


T x = 290 K > h x = 290.16 kJ/kg, P rX = 1.2311 

T 2 = 530 K > h 2a = 533.98 kJ/kg 


From the isentropic efficiency relation 




2 s 


2 a 


zh 

->h 


9 


h 2s =/ii+7 c (/*2 fl ~ /! l) 

= 290.16 + (0.84)(533.98 - 290.16) = 495.0 kJ/kg > I\ =7.951 



Then from the isentropic relation , 


P, P, 


P P, 


*P 2 = 


P, 


P ' 

v r i j 


Pi = 


f 7 95 1 ^ 

— (100 kPa) = 646 kPa 

V 1.231 1 j ’ 


(b) There is only one inlet and one exit, and thus m x = m 2 = m . We take the actual compressor as the system, which is a 
control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed as 

<P0 (steady) 


where 


^in ^out 


A E 


system 


= 0 


Rate of net energy transfer R a t e of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 


W aia + mh x = mh 2 (since Q = Ake £ Ape £ 0) 
^a,in =rn(h 2 -h x ) 


m = 


P X 0 X (100 kPa)(2.4 m 3 /s) 


= 2.884 kg/s 


RT X (0.287 kPa-m 3 /kg-K)(290 K) 

Then the power input to the compressor is determined to be 

W aM = (2.884 kg/s)(533.98 - 290.16) kJ/kg - 703 kW 
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7-89 


7-134 Air is compressed by an adiabatic compressor from a specified state to another specified state. The isentropic 
efficiency of the compressor and the exit temperature of air for the isentropic case are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with variable specific heats. 

Analysis (a) From the air table (Table A- 17), 

7]= 300K » h x = 300.19 kJ /kg, 

T 2 = 550 K > h 2a = 554.74 kJ/kg 


P = 1.386 

n 


From the isentropic relation, 


= 


A' 


P« = 


r 600 kPa N 
95 kPa 


(1.386) = 8.754 > h 2s = 508.72 kJ/kg 


Then the isentropic efficiency becomes 

508.72-300.19 



h 2s -h { 

11 L 

c h -h 

n 2 a ,h 


0.819 = 81.9% 


554.74-300.19 

(b) If the process were isentropic, the exit temperature would be 
h 2s =508.72 kJ/kg - 


■» T 2s = 505.5 K 
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7-90 


7-135E Argon enters an adiabatic compressor with an isentropic efficiency of 80% at a specified state, and leaves at a 
specified pressure. The exit temperature of argon and the work input to the compressor are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 
3 The device is adiabatic and thus heat transfer is negligible. 4 Argon is an ideal gas with constant specific heats. 


Properties The specific heat ratio of argon is k = 1.667. The constant 
pressure specific heat of argon is c p = 0.1253 Btu/lbm.R (Table A- 
2E). 


Analysis (a) The isentropic exit temperature T 2s is determined from 


r ~ \ 


T 2s = T x 


P 


2 s 




(k-i)/k 


= (550 R 


200 psia 
20 psia 


0.667/1.667 


= 1381.9 R 


The actual kinetic energy change during this process is 


A ke a - 


Vi-V{ (240 ft/s) 2 -(60 ft/s ) : 


1 Btu/lbm 

25,037 ft 2 /s 2 


= 1.08 Btu/lbm 


2 



The effect of kinetic energy on isentropic efficiency is very small. Therefore, we can take the kinetic energy changes for the 
actual and isentropic cases to be same in efficiency calculations. From the isentropic efficiency relation, including the effect 
of kinetic energy, 

w, (h 2s -h^ + Ake c p {t 2s —7\ )+ Ake s _ 0,1253(l381.9-550)+1.08 

??c (hia -lh) + Ake ~ c p (j 2a -T^+Akea > ' 0.1253(r 2fl -550)+1.08 

It yields 

T 2a = 1592 R 


(b) There is only one inlet and one exit, and thus m x = m 2 = m . We take the actual compressor as the system, which is a 
control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed as 


^in ^out 

v. j 

V 

Rate of net energy transfer 
by heat, work, and mass 


a h <^° (steady) 
system 

y j 

v 

Rate of change in internal, kinetic, 
potential, etc. energies 



Wa,in + /7l (^i + V\ / 2) = m(h 2 + V 2 /2) (since Q = Ape = 0) 


Wa,in = m 


f y 2 _y 2 ^ 

2 

v z j 


■» w a in = h 2 - h x + Ake 


Substituting, the work input to the compressor is determined to be 

Wa in = (0.1253 Btu/lbm • R)(l592 - 550)R + 1.08 Btu/lbm = 131.6 Btu/lbm 
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7-91 


7-136E Air is accelerated in a 85% efficient adiabatic nozzle from low velocity to a specified velocity. The exit temperature 
and pressure of the air are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 

3 The device is adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with variable specific heats. 

Analysis From the air table (Table A-17E), 


T x = 1400 R > h x = 342.90 Btu/lbm, P t . =42.88 

There is only one inlet and one exit, and thus m x = m 2 = m. We take the nozzle as the system, which is a control volume 
since mass crosses the boundary. The energy balance for this steady-flow system can be expressed as 

<P0 (steady) 


^in ^out 


A E. 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 


m(h x + Vj 2 / 2) = m(h 2 + V 2 /2) (since W = Q = Ape = 0) 



AIR 


■> 


rj N = 85% 


2 




,+0 



2 


Substituting, the exit temperature of air is determined to be 

(650 ft/s) 2 - 0 


h 2 = 342.90 kJ/kg - 


From the air table we read 

r 2a = 1368 R = 908°F 

From the isentropic efficiency relation 


1 Btu/lbm ^ 


v 25,037 ft 2 / s 2 j 


= 334.46 Btu/lbm 


h 2 a ~ h \ 


-» 


77 = 

N h 2s -h x 

h 2s =h x +(h 2a -h x )lr lN = 342.90 + (334.46 -342.90)/(0.85) = 332.97 Btu/lbm 
Then the exit pressure is determined from the isentropic relation to be 

^38.62 A 


■>P r =38.62 


P 2 P, 


Pi P„ 


>Pn = 


r P ^ 

1 /l 


P, 

V r ! J 


Pl = 


42.88 


(45 psia) = 40.5 psia 
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7-92 


7-137E 



Problem 7-136E is reconsidered. The effect of varying the nozzle isentropic efficiency from 0.8 to 1.0 on the 


exit temperature and pressure of the air is to be investigated, and the results are to be plotted. 
Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Knowns:" 

WorkFluid$ = 'Air' 

P[1] = 45 [psia] 

T[1] = 940 [F] 

Vel[2] = 650 [ft/s] 

Vel[1] = 0 [ft/s] 
eta_nozzle = 0.85 

"Conservation of Energy - SSSF energy balance for turbine - neglecting the change in potential energy, no heat 
transfer:" 

h[1]=enthalpy(WorkFluid$,T=T[1]) 

s[1]=entropy(WorkFluid$,P=P[1],T=T[1]) 

T_s[1] = T[1] 
s[2] =s[1] 
s_s[2] = s[1] 

h_s[2]=enthalpy(WorkFluid$,T=T_s[2]) 

T_s[2]=temperature(WorkFluid$,P=P[2],s=s_s[2]) 
eta_nozzle = ke[2]/ke_s[2] 
ke[1] = Vel[1] A 2/2 
ke[2]=Vel[2] A 2/2 

h[1]+ke[1]*convert(ft A 2/s A 2,Btu/lbm) = h[2] + ke[2]*convert(ft A 2/s A 2,Btu/lbm) 
h[1] +ke[1]*convert(ft A 2/s A 2,Btu/lbm) = h_s[2] + ke_s[2]*convert(ft A 2/s A 2,Btu/lbm) 
T[2]=temperature(WorkFluid$,h=h[2]) 

P_2_answer = P[2] 

T_2_answer = T[2] 


h nozzle 

P 2 

Ipsial 

t 2 

IF 

Ts, 2 

[FI 

0.8 

40.25 

907.6 

899.5 

0.82 

40.36 

907.6 

900.5 

0.84 

40.47 

907.6 

901.4 

0.86 

40.57 

907.6 

902.3 

0.88 

40.67 

907.6 

903.2 

0.9 

40.76 

907.6 

904 

0.92 

40.85 

907.6 

904.8 

0.94 

40.93 

907.6 

905.6 

0.96 

41.01 

907.6 

906.3 

0.98 

41.09 

907.6 

907 

1 

41.17 

907.6 

907.6 
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T 2 [F] P[2] [psia] 


7-93 
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7-94 


7-138 Air is expanded in an adiabatic nozzle with an isentropic efficiency of 0.96. The air velocity at the exit is to be 
determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 There is no heat transfer or shaft work 
associated with the process. 3 Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 

Analysis For the isentropic process of an ideal gas, the exit temperature is determined from 


T 2S = Ty 


r p \(*-i )/* 

ii 


\ p \ J 


— (180 + 273 K) 


100 kPa 
300 kPa 


X 0.4/1.4 


= 331.0 K 


There is only one inlet and one exit, and thus m x = m 2 = m . We take nozzle as 

the system, which is a control volume since mass crosses the boundary. The 
energy balance for this steady-flow system can be expressed in the rate form as 

710 (steady) 


^in ^out 


A E 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


-^in “ ^out 


m 


h x + 


V- 


2 \ 


2 


= m 


7 


h 2 + 


V- 


2 ^ 


V 


2 


, ^l 2 , V 2 2 

h x +— — = h~, +- A - 


2 


h x -h 2 = 


cJT [ -T 2 ) = 


2 

2 


The kinetic energy change for the isentropic case is 

Ake 9 = c p (T { -T 2s ) = ( 1 .005 kJ/kg • K)(453 - 3 3 1)K = 1 22 .6 kJ/kg 

The kinetic energy change for the actual process is 

Ake fl = rj N Ake 9 = (0.96)(122.6 kJ/kg) = 1 17.7 kJ/kg 

Substituting into the energy balance and solving for the exit velocity gives 


V 2 = (2 Ake J 0 5 = 


2(1 17.7 kJ/kg) 


^ 1000 m 2 /s 2 ^ 
1 kJ/kg 


n0.5 


= 485 m/s 


300 kPa 
180°C 
0 m/s 



100 kPa 
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7-95 


7-139E Air is decelerated in an adiabatic diffuser with an isentropic efficiency of 0.82. The air velocity at the exit is to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 There is no heat transfer or shaft work 
associated with the process. 3 Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c p = 0.240 Btu/lbm-R and k = 1.4 (Table A-2Ea). 
Analysis For the isentropic process of an ideal gas, the exit temperature is determined from 


T 2S = Ty 


Pn 


\ 


v p i y 


(k-\)/k 


= (30 + 460 R) 


^20psia^ Q ‘ 4/1 4 
13psia 


= 554.2 R 


There is only one inlet and one exit, and thus m { = m 2 = m . We take nozzle as the system, which is a control volume since 
mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form as 


^in ^out 


A E 


710 (steady) 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in — ^out 


m 


h x + 


V- 


2 \ 


2 


= m 


J 


h 2 + 


V- 


2 \ 


V 


2 


/ V l 2 _ / V 2 
h\ + — r- - ^2 H 


2 


h x -h 2 = 


2 

V 2 2 - V 2 


2 


v 2 -v , 2 

c p (T [ -T 2 )= 2 1 = Ake 



The kinetic energy change for the isentropic case is 

Ake, =c p (T 2s — Ty) = (0.240Btu/lbm-R)(554.2-490)R = 15.41 Btu/lbm 

The kinetic energy change for the actual process is 

Ake fl =rj N Ake, = (0.82)(1 5.41 Btu/lbm) = 12.63 Btu/lbm 

Substituting into the energy balance and solving for the exit velocity gives 


v 2 =( v \ -2Ake fl ) 0 - 5 = 


(1000 ft/s) 2 -2(12.63 Btu/lbm) 


r 25,037 ft 2 /s 2 ^ 

1 Btu/lbm 


n 0.5 


= 606 ft/s 
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Entropy Balance 


7-96 


7-140E Refrigerant- 134a is expanded adiabatically from a specified state to another. The entropy generation is to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis The rate of entropy generation within the expansion device during this process can be determined by applying the 
rate form of the entropy balance on the system. Noting that the system is adiabatic and thus there is no heat transfer, the 
entropy balance for this steady- flow system can be expressed as 


c _ c 

° in ° out 


+ 


gen 


= AS 


<P0 (steady) 


system 


Rate of net entropy transfer Rate of entropy 
by heat and mass generation 


Rate of change 
of entropy 


miSi -m 2 s 2 +S gen =0 


Sgen = m(s 2 - Sj ) 


^gen “ ^2 s l 


R-134a 
100 psia 
100°F 


* 



10 psia 
sat. vapor 


The properties of the refrigerant at the inlet and exit states are (Tables A-l IE through A-13E) 


P x = 100 psia 
T x = 100°F 




0.22900 Btu/lbm • R 


P 2 = 10 psia 

x 2 = 1 


s 2 =0.22948 Btu/lbm -R 


Substituting, 

^ g en = s 2 -si = 0.22948-0.22900 = 0.00048 Btu/lbm R 
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7-97 


7-141 Oxygen is cooled as it flows in an insulated pipe. The rate of entropy generation in the pipe is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The pipe is well-insulated so that heat loss to the surroundings is 
negligible. 3 Changes in the kinetic and potential energies are negligible. 4 Oxygen is an ideal gas with constant specific 
heats. 


Properties The properties of oxygen at room temperature are R = 0.2598 kJ/kg-K, c p = 0.918 kJ/kg-K (Table A-2a). 

Analysis The rate of entropy generation in the pipe is determined by applying the rate form of the entropy balance on the 
pipe: 



Rate of net entropy transfer Rate of entropy 
by heat and mass generation 


a o <^0 (steady) 
system 

V 

Rate of change 
of entropy 


m x s x -m 2 s 2+^gen-0 (since<2 = 0) 



Oxygen 

240 kPa 200 kPa 

20°C 18°C 

70 m/s 


The specific volume of oxygen at the inlet and the mass flow rate are 


c, J0-2598kPa.mykg.K)(293K) =Q 3172 m 3 /kg 


1 


240 kPa 


m = 


A X V X _nP 2 V x _ ^(0.12 m) 2 (70 m/s) 
4c/! 4(0.3 172 m 3 /kg) 


= 2.496 kg/s 


Substituting into the entropy balance relation, 


S nM = m(s 2 -s x ) 


gen 


= m 


cA « T2 


p 


T 


R\n P2 


P, 


= (2.496 kg/s) 

= 0.1025 kW/K 


i m J 

(0.9 1 8 kJ/kg • K)ln - (0.2598 kJ/kg • K)ln 2 °° kPa 


293 K 


240 kPa 
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7-98 


7-142 Nitrogen is compressed by an adiabatic compressor. The entropy generation for this process is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The compressor is well-insulated so that heat loss to the surroundings is 
negligible. 3 Changes in the kinetic and potential energies are negligible. 4 Nitrogen is an ideal gas with constant specific 
heats. 


Properties The specific heat of nitrogen at the average temperature of (25+307)/2=166°C = 439 K is c p = 1.048 kJ/kg-K 
(Table A-2b). Also, R = 0.2968 kJ/kg-K (Table A-2a). 

Analysis The rate of entropy generation in the pipe is determined by applying the rate form of the entropy balance on the 
compressor: 


^in ^out 


+ 


gen 


= AS 


<P0 (steady) 


system 


Rate of net entropy transfer Rate of entropy 
by heat and mass generation 


Rate of change 
of entropy 


m l s l - m 2 s 2 + S gen =0 (since Q = 0) 

Sgen =m(s 2 - Si) 

Substituting per unit mass of the oxygen, 


5 gen - ^2 s \ 

= c „ In Tl 


r 


R\n Pl 


P 


800 kPa 
307°C 



= (1.048 kJ/kg-K)ln 


(307 + 273) K 
(25 + 273) K 


(0.2968 kJ/kg-K)ln 


800 kPa 
100 kPa 


= 0.0807 kJ/kg-K 
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7-99 


7-143 Each member of a family of four take a 5 -min shower every day. The amount of entropy generated by this family per 
year is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The kinetic and potential energies are negligible. 3 Heat losses from 
the pipes and the mixing section are negligible and thus Q = 0. 4 Showers operate at maximum flow conditions during the 

entire shower. 5 Each member of the household takes a 5 -min shower every day. 6 Water is an incompressible substance 
with constant properties at room temperature. 7 The efficiency of the electric water heater is 1 00%. 


Properties The density and specific heat of water at room temperature are p = 
Analysis The mass flow rate of water at the shower head is 

m = pO = (1 kg/L)( 1 2 L/min) = 12 kg/min 


1 kg/L and c = 4. 18 kJ/kg.°C (Table A-3). 

Mixture 

! 3 


The mass balance for the mixing chamber can be expressed in 
the rate form as 


ih m tn out A/7t S y Stem 


m m = m out 


710 (steady) _ q 

— > m x + m 2 = m 3 


Cold 

water 

1 


Hot 

water 

2 


where the subscript 1 denotes the cold water stream, 2 the hot water stream, and 3 the mixture. 

The rate of entropy generation during this process can be determined by applying the rate form of the entropy 
balance on a system that includes the electric water heater and the mixing chamber (the T-elbow). Noting that there is no 
entropy transfer associated with work transfer (electricity) and there is no heat transfer, the entropy balance for this steady- 
flow system can be expressed as 

a o <P0 (steady) 
system 

s. 7 

V 

Rate of change 
of entropy 

m x s x + m 2 s 2 - tn 3 s 3 + S gen = 0 (since Q = 0 and work is entropy free) 

^gen = m 3 s 3 -m x s x -m 2 s 2 


^in ^out 

V 

Rate of net entropy transfer 
by heat and mass 


gen 

Rate of entropy 


Noting from mass balance that m x + m 2 - m 3 and s 2 = s x since hot water enters the system at the same temperature as the 
cold water, the rate of entropy generation is determined to be 

T 3 

5 gen = m 3 S 3 ~ ( m l + m l) s \ = '«3<X 3 ~ s l) = m 3 C p ln ~ 

= (12 kg/min)(4.18 kJ/kg.K)ln^ — = 4.495 kJ/min.K 

Noting that 4 people take a 5 -min shower every day, the amount of entropy generated per year is 

Sgen = (Sg en )Af(No.of people)(No. of days) 

= (4.495 kJ/min.K)(5 min/person • day)(4persons)(365 days/year) 

= 32,814 kJ/K (per year) 

Discussion The value above represents the entropy generated within the water heater and the T-elbow in the absence of any 
heat losses. It does not include the entropy generated as the shower water at 42°C is discarded or cooled to the outdoor 
temperature. Also, an entropy balance on the mixing chamber alone (hot water entering at 55°C instead of 15°C) will 
exclude the entropy generated within the water heater. 
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7-100 


7-144 Cold water is heated by hot water in a heat exchanger. The rate of heat transfer and the rate of entropy generation 
within the heat exchanger are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 

Properties The specific heats of cold and hot water are given to be 4.18 and 4.19 kJ/kg.°C, respectively. 


Analysis We take the cold water tubes as the system, which is a control volume. 
The energy balance for this steady-flow system can be expressed in the rate form as 


^in ^out 


a + 7,0 (steady) 

^-^system 


= 0 


Cold water 
10°C 
0.95 kg/s 


Rate of net energy transfer Rate of change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in = ^out 


Hot water 


z. 


\ 

n 


85°C 
1.6 kg/s 


70°C 


Q m + mh x — mh 2 (since Ake = Ape = 0) 

Gin = mc p (T 2 -71) 

Then the rate of heat transfer to the cold water in this heat exchanger becomes 

Gin = [mc p (7’out - Tin )lcold water = (0.95 kg/s)(4. 18 kJ/kg. °C)(70°C - 10°C) = 238.3 kW 


I 


Noting that heat gain by the cold water is equal to the heat loss by the hot water, the outlet temperature of the hot water is 
determined to be 


Q = \mc p (T m 


~^out)]h 


ot water 


"^out “^in 


-Q— = 85°C 

mc p (1.6kg/s)(4.19kJ/kg.°C) 


49.5°C 


(b) The rate of entropy generation within the heat exchanger is determined by applying the rate form of the entropy balance 
on the entire heat exchanger: 



Rate of net entropy transfer Rate of entropy 
by heat and mass generation 


a r. <P0 (steady) 
system 

s. J 

V 

Rate of change 
of entropy 


m l s l + m 3 s 3 - m 2 s 2 - m 3 s 4 + A gen = 0 (since Q- 0) 

^cold^l + ' V3 - ^cold^ - Kot S A + ^gen = 0 

^gen — ^cold(^2 — ^l) ^hot(^4 — ^ 3 ) 


Noting that both fluid streams are liquids (incompressible substances), the rate of entropy generation is determined to be 


T T 

5 gen = '»cold c /; ln ^ + '»hot c /, 

70 + 273 49 5 + 273 

= (0.95 kg/s)(4. 1 8 kJ/kg.K)ln — + (1 .6 kg/s)(4. 1 9 kJ/kg.K)ln — - 

10 + 273 85 + 273 

= 0.06263 kW/K 
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7-101 


7-145 Air is preheated by hot exhaust gases in a cross-flow heat exchanger. The rate of heat transfer, the outlet temperature 
of the air, and the rate of entropy generation are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 


Properties The specific heats of air and combustion gases are given to be 1.005 and 1.10 kJ/kg.°C, respectively. The gas 
constant of air is R = 0.287 kJ/kg.K (Table A-l). 


Analysis We take the exhaust pipes as the system, which is a 
control volume. The energy balance for this steady-flow system 
can be expressed in the rate form as 


^in ^out 


A 17 ^0 (steady) 

ZAiZ/ system 


= 0 


Rate of net energy transfer R a te of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in “ ^out 

mh x = <2 0Ut + mh^ (since Ake = Ape = 0) 
2out =mc p {T x -T 2 ) 


Then the rate of heat transfer from the exhaust gases becomes 



Q = [mc p (T m -T out )] gas = (2.2 kg/s)(l.l kJ/kg. o C)(180°C - 95°C) - 205.7 kW 


The mass flow rate of air is 


PV 

m = 

RT 


(95kPa)(1.6m 3 /s) 
(0.287 kPa.m Vkg.K) x (293 K) 


1.808 kg/s 


Noting that heat loss by the exhaust gases is equal to the heat gain by the air, the outlet temperature of the air becomes 



20°C + 


205.7 kW 

(1.808 kg/s)(l. 005 kJ/kg.°C) 


133.2°C 


The rate of entropy generation within the heat exchanger is determined by applying the rate form of the entropy balance on 
the entire heat exchanger: 


^in ^out 


+ 


gen 


= AS 


+0 (steady) 


system 


Rate of net entropy transfer Rate of entropy 
by heat and mass generation 


Rate of change 
of entropy 


m x s x + m 3 s 3 - m 2 s 2 - m 3 s 4 + A een = 0 (since Q = 0) 

^exhaust ‘h ^air^3 — ^exhaust ^2 — ^air^4 ^gen — ^ 

^gen — ^exhaust (^2 — ^1 ) ^air (^4 — ^ 3 ) 


Then the rate of entropy generation is determined to be 

T T 

Sgen = Exhaust c p ln 2" + '»ai r c p ln 2“ 

^1 ^3 

95 + 273 133 2 + 273 

- (2.2 kg/s)(l. 1 kJ/kg.K)ln — + (1.808 kg/s)(l .005 kJ/kg.K)ln — 

180 + 273 20 + 273 

= 0.091 kW/K 
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7-146 Water is heated by hot oil in a heat exchanger. The outlet temperature of the oil and the rate of entropy generation 
within the heat exchanger are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 


Properties The specific heats of water and oil are given to be 4.18 
and 2.3 kJ/kg.°C, respectively. 

Analysis (a) We take the cold water tubes as the system, which 
is a control volume. The energy balance for this steady-flow 
system can be expressed in the rate form as 


I 


^in ^out 


A E. 


710 (steady) 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in — -^out 


70°C - 

Water 
20°C - 
4.5 kg/s 


Oil 
170°C 
10 ks/s 





£ 


D 


) 




I 


Q m + mh x = mh 2 (since Ake = Ape = 0) 

2in = mc p (T 2 -7|) 

Then the rate of heat transfer to the cold water in this heat exchanger becomes 

Q = [me p (T out -T in )] water = (4.5 kg/s)(4.18 kJ/kg.°C)(70°C - 20°C) - 940.5 kW 

Noting that heat gain by the water is equal to the heat loss by the oil, the outlet temperature of the hot oil is determined from 


Q - [m c p(T in - T out )] oil -+ r out - T in - -0— - 170°C - 


940.5 kW 


me 


p 


(10kg/s)(2.3kJ/kg.°C) 


= 129.1°C 


(b) The rate of entropy generation within the heat exchanger is determined by applying the rate form of the entropy balance 
on the entire heat exchanger: 


S'm ^ out 


+ 


gen 


= AS 


+0 (steady) 


system 


Rate of net entropy transfer Rate of entropy 
by heat and mass generation 


Rate of change 
of entropy 


m x s x + m 3 s 3 - m 2 s 2 - m 3 s 4 + A een = 0 (since Q = 0) 

^water^l ^oil^3 — ^water^2 — ^oihN + ^"gen — ^ 


Agen ^water(^2 ^l) ^oil(^4 ^ 3 ) 


Noting that both fluid streams are liquids (incompressible substances), the rate of entropy generation is determined to be 

T T 

Sgen = '"water Cp ln + m <»f p ln ~ZT 

70 + 273 129 1 + 273 

= (4.5 kg/s)(4. 1 8 kJ/kg.K)ln- — + (10 kg/s)(2.3 kJ/kg.K)ln— — 

20 + 273 170 + 273 

= 0.736 kW/K 
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7-147 Heat is lost from Refrigerant- 1 34a as it is throttled. The exit temperature of the refrigerant and the entropy generation 
are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis The properties of the refrigerant at the inlet of the device are (Table A- 13) 


P x = 1200 kPa 
T x = 40°C 


=108.23 kJ/kg 
s x = 0.39424 kJ/kg 


R-134a 
1200 kPa 
40°C 


4 


q 


The enthalpy of the refrigerant at the exit of the device is 
h 2 =h x - q out =108.23 - 0.5 = 107.73 kJ/kg 

Now, the properties at the exit state may be obtained from the R-134a tables 




200 kPa 


P 2 = 200 kPa 
h 2 = 107.73 kJ/kg 


T 2 =-10.09°C 

s 2 =0.41 800 kJ/kg.K 


The entropy generation associated with this process may be obtained by adding the entropy change of R- 134a as it flows in 
the device and the entropy change of the surroundings. 

As R _ 134a =s 2 -s l =0.41800 -0.39424 = 0.02375 kJ/kg.K 


A s e „„ = 


q out 0.5 kJ/kg 


surr 


T sun (25 + 273) K 


= 0.001678 kJ/kg.K 


^gen = As total = A.v R _ 134a + A.v surr = 0.02375 + 0.001678 = 0.02543 kJ/kg.K 
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7-148 In an ice-making plant, water is frozen by evaporating saturated R-134a liquid. The rate of entropy generation is to 
be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis We take the control volume formed by the R-134a evaporator with a single inlet and single exit as the system. The 
rate of entropy generation within this evaporator during this process can be determined by applying the rate form of the 
entropy balance on the system. The entropy balance for this steady-flow system can be expressed as 


^in ^out 


+ 


gen 


= AS 


<P0 (steady) 


system 


Rate of net entropy transfer Rate of entropy 
by heat and mass generation 


Rate of change 
of entropy 


m x s j —m 2 s 2 + 


— + = 0 


T 


gen 


w 


S gen - ^r ( s 2 ^l) 


5 * gen ~m R Sf g 


Gin 


T. 


w 


Gin 


T 


w 


R-134a 

-16°C 



-16°C 
sat. vapor 


The properties of the refrigerant are (Table A-l 1) 

hf g @- i6°c = 2 10. 18 kJ/kg 
s f g @-\6°c = 0.81729 kJ/kg • K 


The rate of that must be removed from the water in order to freeze it at a rate of 4000 kg/h is 
Q. n =m w h if = (2500/3600 kg/s)(333.7 kJ/kg) = 231.7 kW 
where the heat of fusion of water at 1 atm is 333.7 kJ/kg. The mass flow rate of R-134a is 


m R 




231.7 kJ/s 
2 10. 18 kJ/kg 


= 1.103 kg/s 


Substituting, 

5 gen =m RSfjs -^- = (1.1 03 kg/s)(0.8 1 729 kJ/kg • K) - =0.0528kW/K 
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7-149E Water and steam are mixed in a chamber that is losing heat at a specified rate. The rate of entropy generation during this 
process is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time at any point and thus Am cv = 0, A E cv = 0, and A 5 CV = 0. 2 
There are no work interactions involved. 3 The kinetic and potential energies are negligible, ke = pe = 0. 

Analysis We take the mixing chamber as the system. This is a control volume since mass crosses the system boundary during the process. 

We note that there are two inlets and one exit. Under the stated assumptions and observations, the mass and energy balances for 
this steady-flow system can be expressed in the rate form as follows: 

Mass balance: 

710 (steady) _ q 


m 


in 


771 out AfW system 


777 in = 777 out 


Energy balance: 

iL - E 


in 


out 


■» m x + m 2 = m 3 


A £ (steady) 

system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in — -^out 

>>h h i + m 2 h 2 = m 3 h 3 + Q out 

Combining the mass and energy balances gives 

Gout = lh \ h l + ,h 2 h 2 - ( ,n \ + '«2) /j 3 

The desired properties at the specified states are determined from the steam tables to be 

P x = 20 psia 


T x = 50°F 


P 2 = 20 psia 
T 2 = 240°F 

P 3 = 20 psia 
r 3 = 130°F 


h x =hf@ 5 o°f = 18.07 Btu/lbm 


s, = s 


f @50°F 


= 0.03609 Btu/lbm -R 


h 2 =1162.3 Btu/lbm 
St = 1 .7406 Btu/lbm • R 


h 3 =/^/@ i 3 o°f = 97.99 Btu/lbm 


= 0.18174 Btu/lbm -R 


->m 0 =22.7 lbm/min 


5 3 “ s f@ 130°F 

Substituting, 

180 Btu/min = [300 x 18.07 + m 2 x 1 162.3 - (300 + m 2 ) x 97.99]Btu/min 

The rate of entropy generation during this process can be determined by applying the rate form of the entropy balance on an extended 
system that includes the mixing chamber and its immediate surroundings so that the boundary temperature of the extended system is 70°F 
= 530 R: 

<?0 (steady) 


c _ c 

° in ° out 


+ 


gen 


= AS 


system 


Rate of net entropy transfer Rate of entropy 
by heat and mass generation 


Rate of change 
of entropy 


m x s x + m 2 s 2 - th 3 s 3 


Q 


out 


T, 


+ S gen - 0 


Substituting, the rate of entropy generation is determined to be 

c • • . Qout 

Sgen =rn 3 s 3 -mjSj - m 2 s 2 +^=— 

= (322.7 x 0. 1 8 1 74 - 300 x 0.03609 - 22.7 x 1 .7406) Btu/min • R) 

= 8.65 Btu/min R 


+ 


180 Btu/min 
530 R 


Discussion Note that entropy is generated during this process at a rate of 8.65 Btu/min • R. This entropy generation is caused by the 
mixing of two fluid streams (an irreversible process) and the heat transfer between the mixing chamber and the surroundings through a 
finite temperature difference (another irreversible process). 
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7-150E Steam is condensed by cooling water in a condenser. The rate of heat transfer and the rate of entropy generation 
within the heat exchanger are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 


Properties The specific heat of water is 1.0 Btu/lbm.°F (Table A-3E). 

The enthalpy and entropy of vaporization of water at 120°F are 1025.2 
Btu/lbm and Sf g = 1.7686 Btu/lbm.R (Table A-4E). 

Analysis We take the tube-side of the heat exchanger where cold water is 
flowing as the system, which is a control volume. The energy balance for this 
steady-flow system can be expressed in the rate form as 


-^in -^out 

^ J 

V 

Rate of net energy transfer 
by heat, work, and mass 


a h 710 (steady) 
^-^system 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 




Gin + mk \ 


mh 2 (since Ake = Ape = 0) 


Gin = mc p (T 2 -7|) 



Steam 

120°F 


(£ 

a 

(s 


<£ 

(£ 


Then the rate of heat transfer to the cold water in this heat exchanger becomes 

Q = [rhc p (T 0 ut -r m )] wa ter = (92 lbm/s)(1.0 Btu/lbm. °F)(73 °F - 60°F) - 1196 Btu/S 


5 ) 


2) 




120 ° 


u 


73°F 


60°F 


Water 


Noting that heat gain by the water is equal to the heat loss by the condensing steam, the rate of condensation of the steam in 
the heat exchanger is determined from 


G = ( ,hh fgX team = > '"steam 



1196 Btu/s 
1025.2 Btu/lbm 


= 1.167 lbm/s 


(b) The rate of entropy generation within the heat exchanger is determined by applying the rate form of the entropy balance 
on the entire heat exchanger: 



Rate of net entropy transfer Rate of entropy 
by heat and mass generation 



system 


<P0 (steady) 


V 

Rate of change 
of entropy 


m x s x + m 3 s 3 - m 2 s 2 ~ m 4 s 4 + 5 gen 

^ water “h ^steanA — ^ water ^2 — ^s team ^4 + ^*gen 

6 

^gen 


0 (since Q = 0) 

0 

^water (^2-^1) + ^steam (s 4 - 53 ) 


Noting that water is an incompressible substance and steam changes from saturated vapor to saturated liquid, the rate of 
entropy generation is determined to be 


S — 772- 


gen 


'water ^ p ^ ^steam 

T x 


1 1 


(92 lbm/s)(l .0 Btu/lbm.R) In— — - (1 . 167 lbm/s)( 17686 Btu/lbm.R) 


60 + 460 


0.209 Btu/s. R 
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7-151 A regenerator is considered to save heat during the cooling of milk in a dairy plant. The amounts of fuel and money 
such a generator will save per year and the annual reduction in the rate of entropy generation are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The properties of 
the milk are constant. 

Properties The average density and specific heat of milk can be taken 
to be An.ik = P watcr = 1 kg/L and c ;)>mi i k = 3.79 kJ/kg.°C (Table A-3). 

Analysis The mass flow rate of the milk is — 

/7l milk = PV . milk 

= (1 kg/L)(12 L/s) = 12 kg/s = 43,200 kg/h 

Taking the pasteurizing section as the system, the energy balance for this 
steady-flow system can be expressed in the rate form as 


Hot milk 
72°C 


^in ^out 


710 (steady) 


'system 


- 0 E [n - E out 



Cold milk 


Rate of net energy transfer Rate of change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 1 

Q m + mh { = mh 2 (since Ake = Ape = 0) 

Sin = ^milk c p(^2 _7 l) 

Therefore, to heat the milk from 4 to 72°C as being done currently, heat must be transferred to the milk at a rate of 
Qcurrent = (Tpasturization " Refrigeration )] milk = ( 12 kg/s)(3.79 kJ/kg.°C)(72 - 4)°C = 3093 kJ/s 

The proposed regenerator has an effectiveness of 8 = 0.82, and thus it will save 82 percent of this energy. Therefore, 


Ssaved ^Si 


current 


= (0.82)(3093 kJ/s) = 2536 kJ/s 


Noting that the boiler has an efficiency of rji 


0.82, the energy savings above correspond to fuel savings of 


Fuel Saved = -^^-= (2536 kJ/s) (ltherm) = 0.02931 therm /s 


^boiler 


(0.82) (105,500 kJ) 


Noting that 1 year = 365x24=8760 h and unit cost of natural gas is $0. 52/therm, the annual fuel and money savings will be 
Fuel Saved = (0.02931 therms/s)(8760x3600 s) = 924,450 therms/yr 

Money saved = (Fuel saved)(Unit cost of fuel) = (924,450 therm/yr)($ 1.04/therm) = $961 ,400/yr 

The rate of entropy generation during this process is determined by applying the rate form of the entropy balance on an 
extended system that includes the regenerator and the immediate surroundings so that the boundary temperature is the 
surroundings temperature, which we take to be the cold water temperature of 18°C.: 


ftn ^out + ^gen ” ^ 

Rate of net entropy transfer Rate of entropy 
by heat and mass generation 


<P0 (steady) 


system 

Rate of change 
of entropy 


— > S gen S out s in 


Disregarding entropy transfer associated with fuel flow, the only significant difference between the two cases is the 
reduction is the entropy transfer to water due to the reduction in heat transfer to water, and is determined to be 


c = c 

^ gen, reduction u out, reduction 


Sout, reduction _ Ssaved _ 2536 kJ/s 

18 + 273 


= 8.715kW/K 


Sgen, reduction = ^ g en, reduction Af = (8-715 kJ/s.K)(8760 x 3600 s/year) = 2.75 X 10 8 kJ/K (per year) 
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7-152 Stainless steel ball bearings leaving the oven at a uniform temperature of 900°C at a rate of 1 100 /min are exposed to 
air and are cooled to 850°C before they are dropped into the water for quenching. The rate of heat transfer from the ball to 
the air and the rate of entropy generation due to this heat transfer are to be determined. 

Assumptions 1 The thermal properties of the bearing balls are constant. 2 The kinetic and potential energy changes of the 
balls are negligible. 3 The balls are at a uniform temperature at the end of the process 

Properties The density and specific heat of the ball bearings are given to be p = 8085 kg/m' and c p = 0.480 kJ/kg.°C. 
Analysis (a) We take a single bearing ball as the system. The energy balance for this closed system can be expressed as 

fin ~ ^out “ '^system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

“Gout = Af/ ball =m(u 2 -U 1 ) 

Gout = mC ( T \ ~ T 2) 

The total amount of heat transfer from a ball is 

m = pV = p — = (8085 kg/m 3 ) ^t 0 - 018 ” 1 ) = 0.02469 kg 
6 6 

<2 0Ut = mc(T x ~T 2 ) = (0.02469 kg)(0.480 kJ/kg.°C)(900 - 850)°C = 0.5925 kJ/ball 
Then the rate of heat transfer from the balls to the air becomes 


rurnace 



Steel balls, 900°C 






G total = "baiiGout (per ball) = C 1 100 balls/min) x (0.5925 kJ/ball) = 651.8 kJ/min =10.86 kW 


Therefore, heat is lost to the air at a rate of 10.86 kW. 

(b) We again take a single bearing ball as the system. The entropy generated during this process can be determined by 
applying an entropy balance on an extended system that includes the ball and its immediate surroundings so that the 
boundary temperature of the extended system is at 20°C at all times: 

fin — ^out fien — ^^system 

Net entropy transfer Entropy Change 

by heat and mass generation in entropy 

_ Gout, o _ AC V C - Gout I AO 

i ‘Jgen system ' ‘-’gen ^ system 

J b I b 

where 

T 850 + 273 

sy stem = ><s 2 -s,) = me avg In -j- = (0.02469 kg)(0.480 kJ/kg.K)ln = -0.0005 162 kJ/K 

Substituting, 

V =%g- + A5 syatem - °^; 5 kJ -0.0005162 kJ/K = 0.001506 kJ/K (per ball) 

1 u 293 Jv 


Then the rate of entropy generation becomes 

fien = Sgenfiaii = (0.001506 kJ/K • ball)(l 100 balls/min) - 1.657 kJ/min.K - 0.02761 kW/K 
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7-153 An egg is dropped into boiling water. The amount of heat transfer to the egg by the time it is cooked and the amount 
of entropy generation associated with this heat transfer process are to be determined. 

Assumptions 1 The egg is spherical in shape with a radius of r 0 = 2.75 cm. 2 The thermal properties of the egg are 
constant. 3 Energy absorption or release associated with any chemical and/or phase changes within the egg is negligible. 4 
There are no changes in kinetic and potential energies. 

Properties The density and specific heat of the egg are given to be p = 1020 kg/m 3 and c p = 3.32 kJ/kg.°C. 

Analysis We take the egg as the system. This is a closes system since no mass enters or leaves the egg. The energy balance 
for this closed system can be expressed as 


^in ^out — ^-^system 

V V ' V V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Gin = At/ egg = m(u 2 -U\) = mc(T 2 -7j) 


Then the mass of the egg and the amount of heat transfer become 

m = pV = p— = (1020 kg/m 3 ) ^ 0 ' 055 ^ = 0.0889 kg 
6 6 

Q m = me p (T 2 -T x ) = (0.0889 kg)(3.32 kJ/kg.°C)(70 - 8)°C = 18.3 kj 


Boiling 

Water 



We again take a single egg as the system The entropy generated during this process can be determined by applying an 
entropy balance on an extended system that includes the egg and its immediate surroundings so that the boundary 
temperature of the extended system is at 97°C at all times: 


where 


e _ c 

°out 

+ 

C 

gen 

^^system 

Net entropy transfer 

Entropy 

V 

Change 

by heat and mass 


generation 

in entropy 


f + s gea 

1 u 

^^system 


^ ^gen 


0in 


Tu 


-f AS 


system 


T 


ASgystem = m ( s 2 ~ s \) = mc av g 1 n — = (0.0889 kg)(3.32 kJ/kg.K) In 


r, 


70 + 273 
8 + 273 


= 0.0588 kJ/K 


Substituting, 

Sgen = - ^ + A5 syst em = + °- 0588 kJ/K = °- 00934 ^ (P« egg) 

1 u J /U Jv 
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7-154 Long cylindrical steel rods are heat-treated in an oven. The rate of heat transfer to the rods in the oven and the rate of 
entropy generation associated with this heat transfer process are to be determined. 

Assumptions 1 The thermal properties of the rods are constant. 2 The changes in kinetic and potential energies are 
negligible. 

Properties The density and specific heat of the steel rods are given to be p = 7833 kg/m 3 and c p = 0.465 kJ/kg.°C. 

Analysis (a) Noting that the rods enter the oven at a velocity of 3 m/min and exit at the same velocity, we can say that a 3- 
m long section of the rod is heated in the oven in 1 min. Then the mass of the rod heated in 1 minute is 


m = pi/ = pLA = pL(nD 2 / 4) 


= (7833 kg/m 3 )(3 m)[;r(0. 1 m) 2 / 4] = 1 84.6 kg 


We take the 3-m section of the rod in the oven as the system. The energy 
balance for this closed system can be expressed as 


^in ^out 

v. ; 

V 

Net energy transfer 
by heat, work, and mass 


A F 

system 

y j 

V 

Change in internal, kinetic, 
potential, etc. energies 


2i„ = A U mA = m(u 2 -u l ) = mc(T 2 - T t ) 


Substituting, 



Q m = mc(T 2 -T x ) = (1 84.6 kg)(0.465 kJ/kg.°C)(700 - 30)°C = 57,5 12 kJ 


Noting that this much heat is transferred in 1 min, the rate of heat transfer to the rod becomes 
Q in = Q m /At = (57,5 12 kJ)/(lmin) = 57,512kJ/min = 958.5kW 


(b) We again take the 3-m long section of the rod as the system. The entropy generated during this process can be 
determined by applying an entropy balance on an extended system that includes the rod and its immediate surroundings so 
that the boundary temperature of the extended system is at 900°C at all times: 


where 


e _ c 
°in °out 

+ 

e 

gen 

^^system 

Net entropy transfer 

Entropy 

V 

Change 

by heat and mass 


generation 

in entropy 


Qin , c 

T gen 

— AiSgygfgjH 


^ ^gen 


0 in 


T u 


-f AS 


system 


r r 700 07 a 

2 _ (\ 0/1 C 1 r ~\((\ ACZ T/M*. _ JQQ \ kJ/K 


^system = m ( s 2 ~ s i) = mc av g = ( 184 - 6 kg)(0.465 kJ/kg.K)ln 




30 + 273 


Substituting, 

e 

gen 



+ A5 


system 


57,5 12 kJ 
900 + 273 K 


f 100.1 kJ/K = 51.1 kJ/K 


Noting that this much entropy is generated in 1 min, the rate of entropy generation becomes 

Ln = — = 5L1 kJ/K =51.1 kJ/min.K = 0.85 kW/K 
ge At lmin 
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7-155 The inner and outer surfaces of a brick wall are maintained at specified temperatures. The rate of entropy generation 
within the wall is to be determined. 

Assumptions Steady operating conditions exist since the surface temperatures of the wall remain constant at the specified 
values. 


Analysis We take the wall to be the system, which is a closed 
system. Under steady conditions, the rate form of the entropy 
balance for the wall simplifies to 



Rate of net entropy transfer 
by heat and mass 



Rate of entropy 
generation 


AC ^° - 0 

system “ u 

V 

Rate of change 
of entropy 




QouX 

^b,out 


+ 5 


gen,wall 


0 


1550 W 1550 W • 

293 K 275 K + gen ’ wa11 “ 

5 ge „,wall= 0.346 W/K 



2°C 


Therefore, the rate of entropy generation in the wall is 0.346 W/K. 


7-156 A person is standing in a room at a specified temperature. The rate of 
entropy transfer from the body with heat is to be determined. 

Assumptions Steady operating conditions exist. 

Analysis Noting that Q/T represents entropy transfer with heat, the rate of 
entropy transfer from the body of the person accompanying heat transfer is 

S transfer =~ = = 1 -094 W/K 

transfer T 3^ K 
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7-157 A 1000-W iron is left on the iron board with its base exposed to the air at 20°C. The rate of entropy generation is to 
be determined in steady operation. 

Assumptions Steady operating conditions exist. 


Analysis We take the iron to be the system, which is a closed system. 
Considering that the iron experiences no change in its properties in 
steady operation, including its entropy, the rate form of the entropy 
balance for the iron simplifies to 


^in ^out 

V 

Rate of net entropy transfer 
by heat and mass 


^gen 

Rate of entropy 
generation 


= AS 


<Po 


system 


= 0 


Rate of change 
of entropy 


Q 


out 


71 


c - n 

u gen, iron w 


b,out 


Therefore, 


S 


gen, iron 


. ^out 
T 

1 b,out 


1000 w 

673 K 


1.486 W/K 


Iron 
1000 W 



The rate of total entropy generation during this process is determined by applying the entropy balance on an extended 
system that includes the iron and its immediate surroundings so that the boundary temperature of the extended system is at 
20°C at all times. It gives 


a 


'gen, total 


out 


Q 


r, 


b,out 


71 


SUIT 


1000 w 

293 K 


3.413 W/K 


Discussion Note that only about one-third of the entropy generation occurs within the iron. The rest occurs in the air 
surrounding the iron as the temperature drops from 400°C to 20°C without serving any useful purpose. 
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7-158E A cylinder contains saturated liquid water at a specified pressure. Heat is transferred to liquid from a source and 
some liquid evaporates. The total entropy generation during this process is to be determined. 

Assumptions 1 No heat loss occurs from the water to the surroundings during the process. 2 The pressure inside the 
cylinder and thus the water temperature remains constant during the process. 3 No irreversibilities occur within the cylinder 
during the process. 

Analysis The pressure of the steam is maintained constant. Therefore, the temperature of the steam remains constant also at 
T = r sat@40 psia = 267.2°F = 727.2 R (Table A-5E) 


Taking the contents of the cylinder as the system and noting that the 
temperature of water remains constant, the entropy change of the system 
during this isothermal, internally reversible process becomes 


AS 


system 


'sys,in 

T 

x sys 


600 Btu 
727.2 R 


= 0.8251 Btu/R 


Similarly, the entropy change of the heat source is determined from 


AS 


source 


Q 


source, out 


T 

source 


600 Btu 
1000 + 460 R 


= -0.41 10 Btu/R 



Now consider a combined system that includes the cylinder and the source. Noting that no heat or mass crosses the 
boundaries of this combined system, the entropy balance for it can be expressed as 

^^system 

y j 

V 

Change 
in entropy 

water source 

Therefore, the total entropy generated during this process is 

^gen, total = ^ water + ^source = 0.8251 - 0.41 10 = 0.414 Btll/R 

Discussion The entropy generation in this case is entirely due to the irreversible heat transfer through a finite temperature 
difference. We could also determine the total entropy generation by writing an energy balance on an extended system that 
includes the system and its immediate surroundings so that part of the boundary of the extended system, where heat transfer 
occurs, is at the source temperature. 


S in ~ 5 out + S 

Vs J 

V 

Net entropy transfer 
by heat and mass 


gen 

Entropy 

generation 


o + s 


gen, total 
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7-159E Steam is decelerated in a diffuser from a velocity of 900 ft/s to 100 ft/s. The mass flow rate of steam and the rate of 
entropy generation are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 

3 There are no work interactions. 

Properties The properties of steam at the inlet and the exit of the diffuser are (Tables A-4E through A-6E) 


P x = 20 psia 
7] = 240°F 

T 2 = 240°F 
sat. vapor 


h x = 1 162.3 Btu/lbm 
' s x =1.7406 Btu/lbm -R 
/*2 = 1160.5 Btu/lbm 
s 2 =1.7141 Btu/lbm- R 
ig = 16.316 ft 3 /lbm 


Q 



Analysis (a) The mass flow rate of the steam can be 
determined from its definition to be 


V! = 900 ft/s 


T 2 = 240°F 
Sat. vapor 
V 2 = 100 ft/s 
A 2 = 1 ft 2 


1 


m = 


v 


A 2 V 2 = 


1 


16.316 ft/lbm 


1 ft 2 )(l00 ft/s) = 6.129 Ibm/s 


(b) We take diffuser as the system, which is a control volume since mass crosses the boundary. The energy balance for this 
steady-flow system can be expressed in the rate form as 


^in ^out 


A E. 


710 (steady) 


system 


= 0 


Rate of net energy transfer Rate 0 f change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

m(h x + V x 2 12)- Q out = m(h 2 + V 2 2 /2) (since W = Ape = 0) 


Gout = 


hi ~ h x + 


V 2 -V 1 

2 


2 \ 


Substituting, the rate of heat loss from the diffuser is determined to be 
0 out = -(6.129 lbm/s|l 160.5 -1 162.3 + ^ 1Q ° ft/s ) ~ ^ 9Q ° ^ 


2 ^ 1 Btu/lbm 


25,037 f t 2 / s 2 


= 108.42 Btu/s 


The rate of total entropy generation during this process is determined by applying the entropy balance on an extended 
system that includes the diffuser and its immediate surroundings so that the boundary temperature of the extended system is 
77°F at all times. It gives 


e _ c 
°in °out 


+ 


gen 


= AS 




system 


= 0 


Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 


ms x - ms 2 - 


Q 




Out -+s gen = o 


b,SUlT 


Substituting, the total rate of entropy generation during this process becomes 

Sgen = m(s 2 -s x )+-^- = (6.129 lbm/s)(l.7141-1.7406)Btu/lbm-R+ 108 ' 42 Btu/s 


71 


b,SUlT 


537 R 


= 0.0395 Btu/s R 
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7-160 Steam is accelerated in a nozzle from a velocity of 55 m/s to 390 m/s. The exit temperature and the rate of entropy 
generation are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 
3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 

Properties From the steam tables (Table A-6), 


P x = 2.5 MPa 
T x = 450 °C 


. h x = 3351.6 kJ/kg 
>s x = 7.1768 kJ/kg • K 
J =0.13015 m 3 /kg 


Analysis ( a ) There is only one inlet and one exit, and thus m x = m 2 - m . We take nozzle as the system, which is a control 

volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


^in ^out 


A E. 


710 (steady) 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

m(h x + V x / 2) = m(h 2 + V 2 /2) (since Q = W = Ape = 0) 


0 = h 2 — h x + 


V, -V? 



Substituting,, 


or, 


h 2 = 335 1.6 kJ/kg - 


(390 m/s) 2 - (55 m/s)‘ 


2 


1 kJ/kg 


v 1000 m 2 /s 2 j 


= 3277.0 kJ/kg 


Thus, 

P 2 = 1 MPa 
h 2a = 3277.0 kJ/kg 

The mass flow rate of steam is 


T 2 = 405. 9°C 

= 7.4855 kJ/kg • K 


m = — A X V X = 


1 


0.13015 m 3 /kg 


6x10 4 m 2 ](55 m/s) = 0.2535 kg/s 


(b) Again we take the nozzle to be the system. Noting that no heat crosses the boundaries of this combined system, the 
entropy balance for it can be expressed as 

c _ 6 _i_ e —AS’ ^° = 0 

°in ^out ' ^gen 1X0 system w 

Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 

ms x - ms 2 + S gen = 0 

^gen = m ( S 2 ~ •Si) 


Substituting, the rate of entropy generation during this process is determined to be 

5 gen = rh(s 2 - s, )= (0.2535 kg/sX7.4855 - 7.1768)kJ/kg • K = 0.07829 kW/K 
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7-161 Steam expands in a turbine from a specified state to another specified state. The rate of entropy generation during this 
process is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 


Properties From the steam tables (Tables A-4 through 6) 


P x = 8 MPa ' 
T x = 500°C 

P 2 = 40 kPa 
sat. vapor 


h x = 3399.5 kJ/kg 
> s l =6.7266 kJ/kg K 

h 2 =2636.1 kJ/kg 
's 2 =7.6691 kJ/kg -K 


Analysis There is only one inlet and one exit, and thus m x = m 2 = m .We 

take the turbine as the system, which is a control volume since mass crosses 
the boundary. The energy balance for this steady-flow system can be 
expressed in the rate form as 


^in ^out 

V 

Rate of net energy transfer 
by heat, work, and mass 


a r 7,0 ( stead y) 

system 

v. J 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 



P x = 8 MPa 
T x = 500°C 



HB 

8.2 MW 


P 2 = 40 kPa 
sat. vapor 


lhh \ = Gout +W 0Ut +mh 2 
Gout = m ( h \ -M-W out 


Substituting, 

Q ou{ = (40,000/3600 kg/s)(3399.5 - 2636. l)kJ/kg - 8200 kJ/s = 282.6 kJ/s 


The rate of total entropy generation during this process is determined by applying the entropy balance on an extended 
system that includes the turbine and its immediate surroundings so that the boundary temperature of the extended system is 
25°C at all times. It gives 


c _ c 

°in °out 


+ 


Rate of net entropy transfer 
by heat and mass 


gen 

Rate of entropy 
generation 


— AC ^° - n 
“ ^system “ u 

V 

Rate of change 
of entropy 


ms, - ms o - 


G 


out 


71 


+ ^gen - 0 


b,SUlT 


Substituting, the rate of entropy generation during this process is determined to be 



= m(t 



^out 

T 

x b,surr 


(40,000/3600 kg/s)(7.6691 - 6.7266)kJ/kg • K + 


282.6 kW 
298 K 


= 1 1 .4 kW/K 
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7-162E Air is compressed steadily by a compressor. The mass flow rate of air through the compressor and the rate of 
entropy generation are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 
3 Air is an ideal gas with variable specific heats. 

Properties The gas constant of air is 0.06855 Btu/lbm.R (Table A- IE). The inlet and exit enthalpies of air are (Table A- 
17E) 


T x = 520 R 1 h x = 124.27Btu/lbm 
P l = 15 psia j si = 0.59173Btu/lbm - R 


2 


T 2 = 1080 R | /^ = 260.97Btu/lbm 
P 2 =150 psia ^2 = 0.76964Btu/lbm- R 


Analysis (a) We take the compressor as the system, which is a control 
volume since mass crosses the boundary. The energy balance for this 
steady-flow system can be expressed in the rate form as 


^in ^out 


A r 71 0 (steady) 
^•^system 


= 0 


Rate of net energy transfer Rate 0 f change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = £out 


W- m + m{h x + V x / 2) = Q out + m(h 2 + V 2 2 /2) (since Ape = 0) 


Win “Gout =rh 


h 2 -h x + — 


v 


2 


J 



Substituting, the mass flow rate is determined to be 

a r 


Thus, (400 hp 
It yields 


0.7068 Bt u/s 
1 hp 

m - 1.852 lbm/s 


1500 Btu 


60s 


= m 


260.97-124.27 + 


(350 ft/s) 


2 ^ 1 Btu/lbm ^ 


2 


25,037 ft 2 /s 2 


( b ) Again we take the compressor to be the system. Noting that no heat or mass crosses the boundaries of this combined 
system, the entropy balance for it can be expressed as 


e _ c 
°in °out 


+ 


gen 


= AS 




system 


= 0 


Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 


ms\ - ms 2 


Q, 


out 


71 


f ^gen - 0 ^gen “ ™{ s 2 “ ^l) + 


Q 


out 


b,surr 


T 


b,SUlT 


where 


AiS a ir = m(s 2 —Si) = m 


s° 2 - si - R In 


A 


R 


i J 


= (1.852 lbm/s j 0.76964 - 0.59173 - (0.06855 Btu/lbm • R)ln+°++ 
y 15 psia 


= 0.0372 Btu/s R 


Substituting, the rate of entropy generation during this process is determined to be 


5 en = m(s 2 - S j )+ = 0.0372 Btu/s.R + 1500/60 Btll/s = 0 .0853 Btu/s.R 


71 


b,SUlT 


520 R 
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7-163 A hot water stream is mixed with a cold water stream. For a specified mixture temperature, the mass flow rate of cold 
water stream and the rate of entropy generation are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The mixing chamber is well-insulated so that heat loss to the 
surroundings is negligible. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 

Properties Noting that T < T sat @ 200 kPa = 120.2 1°C, the water in all three streams exists as a compressed liquid, which can be 
approximated as a saturated liquid at the given temperature. Thus from Table A-4, 


P x = 200 kPa 
T x = 70°C 


/j i=Wc =293 ' 07kJ/k 8 

- S f@ 70°C = °' 9551 kJ/k S ' K 


P 2 = 200 kPa 
T 2 = 20°C 


h 2 =h f@20 . c =83.91k]/kg 

S 2 = S f@ 20“C = °' 2965 kJ/k 8 ' K 


P 3 = 200 kPa 
T 3 = 42 °C 


h i= h f@4TC = 175.90 kJ/kg 
S 3 = S f@4TC = °' 5990 kJ/k 8 ' K 




Analysis (a) We take the mixing chamber as the system, which is a control volume. The mass and energy balances for this 
steady-flow system can be expressed in the rate form as 

Mass balance: m in - m out = AE system™ (steady) = 0 > m x + m 2 = m 3 


Energy balance: 



v 

Rate of net energy transfer 
by heat, work, and mass 


710 (steady) 

^•^system 

^ J 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 


= 0 




mh x + m 2 h 2 = (since Q = W = Ake = Ape = 0) 


Combining the two relations gives 
m x h x + m 2 h 2 = (m 1 + m 2 )h 3 


Solving for m 2 and substituting, the mass flow rate of cold water stream is determined to be 


= 


h\ ~ h 3 
h ? , ~ h 2 


m, = 


(293.07 -175.90)kJ/kg 
(175.90 -83.91)kJ/kg 


(3.6 kg/s) = 4.586 kg/s 


Also, m 3 = m { + m 2 = 3.6 + 4.586 = 8. 1 86 kg/s 

( b ) Noting that the mixing chamber is adiabatic and thus there is no heat transfer to the surroundings, the entropy balance of 
the steady-flow system (the mixing chamber) can be expressed as 

e _ e _i_ 6 = AS < ^°=0 

yin ^out ' °gen system w 

Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 

"V s I + »V 2 “ '" 3S3 + = 0 

Substituting, the total rate of entropy generation during this process becomes 

‘Sgen = rn 3 s 3 - m 2 s 2 - 

= (8.186 kg/sX0.5990 kJ/kg • K)- (4.586 kg/sXo.2965 kJ/kg -K)- (3.6 kg/sXo.9551 kJ/kg K) 

= 0.1054 kW/K 
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7-164 Liquid water is heated in a chamber by mixing it with superheated steam. For a specified mixing temperature, the 
mass flow rate of the steam and the rate of entropy generation are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 

Properties Noting that T < r sat @ 200 kPa = 120.2 1°C, the cold water and the exit mixture streams exist as a compressed liquid, 
which can be approximated as a saturated liquid at the given temperature. From Tables A-4 through A-6, 


P x = 200 kPa 1 h x = h f@2(fc =83.91 kJ/kg 
T x = 20°C jsi = * /@2 (rc = °' 2965 kJ/k § ' K 


P 2 = 200 kPa 1 h 2 = 2769.1 kJ/kg 
r 2 =150 o C }s 2 =7.2810 kJ/kg K 


P 3 = 200 kPa 1 h 2 = h f@6Q . c =251.18 kJ/kg 
r 3 = 60°C J *3 = s /@60"c = °' 83 13 kJ/k § ' K 

Analysis (a) We take the mixing chamber as the system, 
which is a control volume. The mass and energy balances for 
this steady-flow system can be expressed in the rate form as 


1200 kJ/min 


© 


20° CL 


2.5 kg/s 




-A 

MIXING 

CHAMBER 

200 kPa 



Mass balance: m m - m out = Arh system 7 ' 0 (steady) = 0 > rh x + m 2 = m 3 

Energy balance: 

- af ( stead y) _ n 

ZA ^system u 

v. J 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 

zz F 
•^out 

= Gout + "*3*J 

Combining the two relations gives Q ouX = m x h x + ^ 2^2 — ( 7 ^i + ^ 2)^3 = ; ^i ( h i ~ h 3 )+ m 2 (hj h 3 ) 
Solving for m 2 and substituting, the mass flow rate of the superheated steam is determined to be 


^in £out 

V 

Rate of net energy transfer 
by heat, work, and mass 


E ; 


in 


m x h x + m 2 /z 2 


Q out - ,i h {l h - h 3 ) _ (1200/60kJ/ S )-(2.5kg/s)(83.91-251.18)kJ/kg _ 

h 2 /z 3 (2769.1- 25 1.18)kJ/kg ' 9 


Also, m 3 = m x + m 2 = 2.5 + 0. 166 = 2.666 kg/s 


(b) The rate of total entropy generation during this process is determined by applying the entropy balance on an extended 
system that includes the mixing chamber and its immediate surroundings so that the boundary temperature of the extended 
system is 25°C at all times. It gives 


e _ c 
°in °out 


+ 


Rate of net entropy transfer 
by heat and mass 


m x s x + m 2 s 2 - m 3 s 3 


gen 

Rate of entropy 
generation 


— AC - 0 

system u 

V 

Rate of change 
of entropy 


Q, 


out 


71 


+ Sgen - 0 


b, sun- 


Substitutmg, the rate of entropy generation during this process is determined to be 
•Sgen = '»3*3 “ " l 2 s 2 ~ "Vl + 

-* b,surr 

= (2.666 kg/s)(0.83 13 kJ/kg • K)- (0.166 kg/s)(7.2810 kJ/kg-K) 

- (2.5 kg/sX0.2965 kJ/kg • K)+ (120 ° / 6Q kJ/s) 

= 0.333 kW/K 
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7-165 A rigid tank initially contains saturated liquid water. A valve at the bottom of the tank is opened, and half of mass in 
liquid form is withdrawn from the tank. The temperature in the tank is maintained constant. The amount of heat transfer 
and the entropy generation during this process are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform- flow process since the state of fluid leaving the device remains constant. 2 Kinetic and 
potential energies are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the tank 
(will be verified). 


Properties The properties of water are (Tables A-4 through A-6) 


T x = 120°C 
sat. liquid 




/@120°C =0 - 001060 m3/k g 


= 503.60 kJ/kg 


U f@ 120°C 

S l=*/@120"C =L5279kJ/k g- K 


T e = 120°C 1 K = h f@XWQ = 503.81 kJ/kg 
sat. liquid s e ~ s /@i 2 o°c = 1-5279 kJ/kg • K 



Analysis ( a ) We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, 
the mass and energy balances for this uniform- flow system can be expressed as 

Mass balance : 


'»in - '»out = ^system m e = m \ ~ m 2 


Energy balance : 

^in — ^out = ^'system 

' V ' r ' v ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Q m = m e h e + m 2 u 2 - m x u x (since W = ke = pc = 0) 
The initial and the final masses in the tank are 


V 


0.18m 


m, = 


t/i 0.001060 m 3 /kg 


= 169.76 kg 


= 


— m l = -(169.76 kg) = 84.88 kg = 
2 2 


m 


Now we determine the final internal energy and entropy, 

3 

V U. 10 III 

'2 “ 


l/o = 


018 m -0.002121 m’/lcg 


m 2 84.88 kg 


= 


^2 ~Vf 

V 


0.002121-0.001060 


= 0.001191 


fg 

T 2 = 120°C 
x 2 =0.001191 


0.8913-0.001060 

U 2 =u f +X 2 u fg =503.60 + (0.00119lX2025.3)= 506.01 kJ/kg 
fs 2 =s f +X 2 s fg = 1.5279 + (0.001191X5.6013)= 1.5346 kJ/kg - K 


The heat transfer during this process is determined by substituting these values into the energy balance equation, 
Qm = m e h e + m 2 u 2 ~ m l u \ 

= (84.88 kg)(503.81 kJ/kg)+ (84.88 kg)(506.01 kJ/kg)- (169.76 kgX503.60 kJ/kg) 

= 222.6 kJ 


(b) The total entropy generation is determined by considering a combined system that includes the tank and the heat source. 
Noting that no heat crosses the boundaries of this combined system and no mass enters, the entropy balance for it can be 
expressed as 
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7-166E An unknown mass of iron is dropped into water in an insulated tank while being stirred by a 200-W paddle wheel. 
Thermal equilibrium is established after 10 min. The mass of the iron block and the entropy generated during this process 
are to be determined. 

Assumptions 1 Both the water and the iron block are incompressible substances with constant specific heats at room 
temperature. 2 The system is stationary and thus the kinetic and potential energy changes are zero. 3 The system is well- 
insulated and thus there is no heat transfer. 


Properties The specific heats of water and the iron block at room temperature are c p ? wate r = 1 .00 Btu/lbm.°F and c p ? 
0.107 Btu/lbm.°F (Table A-3E). The density of water at room temperature is 62.1 lbm/ft 3 . 


p, iron 


Analysis (a) We take the entire contents of the tank, water + iron block, as the system. This is a closed system since no 
mass crosses the system boundary during the process. The energy balance on the system can be expressed as 


^in ^out 


A E, 


system 


or, 


Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Wpw,in = A U 


^pw,in A U iron AU water 

Wpw,in = [rnc(T 2 -T { )] iron +[mc{T 2 -T x )] 


water 


where 



m 


water 


pV = (62.1 lbm/ft 3 fo. 8 ft 3 )= 49.7 lbm 


W pw = W DW Af = (0.2 kJ/s)(10 X 60 s) 


pw 


1 Btu 


= 1 13.7 Btu 


1.055 kJ 

V / 

Using specific heat values for iron and liquid water and substituting, 

113.7 Btu = m iron (0.107 Btu/lbm- 0 F)(75-185)°F + (49.7 lbm)(1.00 Btu/lbm-°F)(75 - 70)°F 

= 11.4 lbm 


iron 


( b ) Again we take the iron + water in the tank to be the system. Noting that no heat or mass crosses the boundaries of this 
combined system, the entropy balance for it can be expressed as 


^in ^out ^gen ^^system 


Net entropy transfer Entropy Change 
by heat and mass generation in entropy 

0 + Sg en tota j — AS iron + AA water 


where 


^~hron mc avg ^ 


f rj, \ 

zl 


= (l 1 .4 lbmXo. 1 07 Btu/lbm • R)ln 


^ 535 R x 
645 R 


= -0.228 Btu/R 


^ water mC avg 


r T \ 

L 2 


\ T \ J 


= (49.6 lbrn^l-O Btu/lbm - R)ln 
Therefore, the entropy generated during this process is 


^ 535 R x 
530 R 


= 0.466 Btu/R 


A^totai = ^gen = A^ iron + AS water = -0.228 + 0.466 = 0.238 Btu/R 
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7-167 Liquid water is withdrawn from a rigid tank that initially contains saturated water mixture until no liquid is left in the 
tank. The quality of steam in the tank at the initial state, the amount of mass that has escaped, and the entropy generation 
during this process are to be determined. 

Assumptions 1 Kinetic and potential energy changes are zero. 2 There are no work interactions. 

Analysis (a) The properties of the steam in the tank at the final state and the properties of exiting steam are (Tables A-4 
through A-6) 


P 2 = 400 kPa 
x 2 = 1 (sat. vap.)^ 



2553.1kJ/kg 
0.46242 m 3 /kg 
6.8955 kJ/kg.K 


P 2e = 400 kPa \h e = 604.66 kJ/kg 
= 0(sat. liq.) s e = 1.7765 kJ/kg.K 


The relations for the volume of the tank and the final mass in the tank are 



C/ = m x c/j = (7.5 kg)(/j 
V (7.5 kg)^ 

yyi — — 

^2 0.46242 m 3 /kg 


16.219i/! 


The mass, energy, and entropy balances may be written as 


m e — m x - m 2 


Gin - m e h e =m 2 u 2 -m x u x 
Qu 


T. 


~ m e S e + S gen =m 2 S 2 ~m x S x 


source 


Substituting, 

m e = 7.5-16.2191/! (1) 

5 - (7.5 - 16.219i/! )(604.66) = 16.219^ (2553.1) - 7.5 m x (2) 


500 + 273 


(7.5-16.219i/! )(1 .7765) + S gen = 16.219i/i (6.8955) - 7.5*! 


(3) 


Eq. (2) may be solved by a trial-error approach by trying different qualities at the inlet state. Or, we can use EES to solve 
the equations to find 

x x = 0.8666 

Other properties at the initial state are 


P x = 400 kPa 
x x = 0.8666 


r 


= 2293.2 kJ/kg 
= 0.40089 m 3 /kg 
= 6.2129 kJ/kg.K 


Substituting into Eqs (1) and (3), 

(b) m e = 7.5-16.219(0.40089) = 0.998 kg 



5 

500 + 273 


[7.5 - 16.219(0.40089)](1.7765) + S gen 


16.219(0.40089)(6.8955) - 7.5(6.2129) 


S gen = 0.00553 kJ/K 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 




Special Topic: Reducing the Cost of Compressed Air 
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7-168 The total installed power of compressed air systems in the US is estimated to be about 20 million horsepower. The 
amount of energy and money that will be saved per year if the energy consumed by compressors is reduced by 5 percent is 
to be determined. 

Assumptions 1 The compressors operate at full load during one-third of the time on average, and are shut down the rest of 
the time. 2 The average motor efficiency is 85 percent. 

Analysis The electrical energy consumed by compressors per year is 

Energy consumed = (Power rating)(Load factor)(Annual Operating Hours)/Motor efficiency 

= (20x1 0 6 hp)(0.746 kW/hp)(l/3)(365x24 hours/year)/0.85 

= 5. 125xl0 10 kWh/year 2 

Then the energy and cost savings corresponding to a 5% reduction in 
energy use for compressed air become 

Energy Savings = (Energy consumed)(Fraction saved) 

= (5.125xl0 10 kWh)(0.05) 

= 2.563xl0 9 kWh/year 

Cost Savings = (Energy savings)(Unit cost of energy) 

= (2.563xl0 9 kWh/year)($0. 07/kWh) 

= $0.179xl0 9 /year 

Therefore, reducing the energy usage of compressors by 5% will save $179 million a year. 
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7-169 The compressed air requirements of a plant is being met by a 90 hp compressor that compresses air from 101.3 kPa 
to 1100 kPa. The amount of energy and money saved by reducing the pressure setting of compressed air to 750 kPa is to be 
determined. 


Assumptions 1 Air is an ideal gas with constant specific heats. 2 Kinetic and potential energy changes are negligible. 3 The 
load factor of the compressor is given to be 0.75. 4 The pressures given are absolute pressure rather than gage pressure. 

Properties The specific heat ratio of air is k = 1.4 (Table A-2). 


Analysis The electrical energy consumed by this compressor per year is 


Energy consumed = (Power rating)(Load factor)(Annual Operating Hours)/Motor efficiency 


= (90 hp)(0.746 kW/hp)(0.75)(3500 hours/year)/0.94 
= 187,420 kWh/year 

The fraction of energy saved as a result of reducing the pressure 
setting of the compressor is 

( P IP _ i 

Power Reduction Factor = 1 2,ieduced — 1 - 

(P 2 /P 1 ) ( V “I 

(750/101. 3) (L4 ~ 1)/1,4 -1 
(1 100/ 101.3) (1 ' 4-1)/1,4 -1 
= 0.2098 



That is, reducing the pressure setting will result in about 1 1 percent savings from the energy consumed by the compressor 
and the associated cost. Therefore, the energy and cost savings in this case become 

Energy Savings = (Energy consumed)(Power reduction factor) 

= (187,420 kWh/year)(0.2098) 

= 39,320 kWh/year 

Cost Savings = (Energy savings)(Unit cost of energy) 

= (39,320 kWh/year)($0. 085/kWh) 

= $3342/year 

Therefore, reducing the pressure setting by 250 kPa will result in annual savings of 39,320 kWh that is worth $3342 in this 
case. 

Discussion Some applications require very low pressure compressed air. In such cases the need can be met by a blower 
instead of a compressor. Considerable energy can be saved in this manner, since a blower requires a small fraction of the 
power needed by a compressor for a specified mass flow rate. 
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7-170 A 150 hp compressor in an industrial facility is housed inside the production area where the average temperature 
during operating hours is 25 °C. The amounts of energy and money saved as a result of drawing cooler outside air to the 
compressor instead of using the inside air are to be determined. 


Assumptions 1 Air is an ideal gas with constant specific heats. 2 Kinetic and potential energy changes are negligible. 
Analysis The electrical energy consumed by this compressor per year is 

Energy consumed = (Power rating)(Load factor)(Annual Operating Hours)/Motor efficiency 


= (150 hp)(0.746 kW/hp)(0.85)(4500 hours/year)/0.9 


= 475,384 kWh/year 

Also, 

Cost of Energy = (Energy consumed)(Ehiit cost of energy) 

= (475,384 kWh/year)($0. 07/kWh) 

= $33, 277/year 

The fraction of energy saved as a result of drawing in cooler outside air is 


Power Reduction Factor = 1 - 


Z 


outside 


T: 


inside 


10 + 273 
25+273 


= 0.0503 


T 0 = 10 



That is, drawing in air which is 15°C cooler will result in 5.03 percent savings from the energy consumed by the 
compressor and the associated cost. Therefore, the energy and cost savings in this case become 

Energy Savings = (Energy consumed)(Power reduction factor) 

= (475,384 kWh/year)(0.0503) 

= 23,929 kWh/year 

Cost Savings = (Energy savings)(EFnit cost of energy) 

= (23,929 kWh/year)($0. 07/kWh) 

= $1675/year 

Therefore, drawing air in from the outside will result in annual savings of 23,929 kWh, which is worth $1675 in this case. 

Discussion The price of a typical 150 hp compressor is much lower than $50,000. Therefore, it is interesting to note that the 
cost of energy a compressor uses a year may be more than the cost of the compressor itself. 

The implementation of this measure requires the installation of an ordinary sheet metal or PVC duct from the 
compressor intake to the outside. The installation cost associated with this measure is relatively low, and the pressure drop 
in the duct in most cases is negligible. About half of the manufacturing facilities we have visited, especially the newer ones, 
have the duct from the compressor intake to the outside in place, and they are already taking advantage of the savings 
associated with this measure. 
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7-171 The compressed air requirements of the facility during 60 percent of the time can be met by a 25 hp reciprocating 
compressor instead of the existing 1 00 hp compressor. The amounts of energy and money saved as a result of switching to 
the 25 hp compressor during 60 percent of the time are to be determined. 

Analysis Noting that 1 hp = 0.746 kW, the electrical energy consumed by each compressor per year is determined from 
(Energy consumed) Large = (Power)(Hours)[(LFxTF/r| motor ) Unloaded + (LFxTF/ri motor ) Loaded ] 

= (100 hp)(0.746 kW/hp)(3800 hours/year)[0.35x0.6/0.82+0.90x0.4/0.9] 

= 185,990 kWh/year 

(Energy consumed) Sma ii =(Power)(Hours)[(LFxTF/rj mot or)unioadcd + (LFxTF/q mot0 r)Loadcd] 


= (25 hp)(0.746 kW/hp)(3800 hours/year)[0.0x0.15+0.95x0.85]/0.88 
= 65,031 kWh/year 

Therefore, the energy and cost savings in this case become 

Energy Savings = (Energy consumed) La rge- (Energy consumed) Sm aii 
= 185,990 - 65,031 kWh/year 
= 120,959 kWh/year 
= (Energy savings)(Unit cost of energy) 

= (120,959 kWh/year)($0. 075/kWh) 

= $9, 072/year 


Cost Savings 



Discussion Note that utilizing a small compressor during the times of reduced compressed air requirements and shutting 
down the large compressor will result in annual savings of 120,959 kWh, which is worth $9,072 in this case. 


7-172 A facility stops production for one hour every day, including weekends, for lunch break, but the 125 hp compressor 
is kept operating. If the compressor consumes 35 percent of the rated power when idling, the amounts of energy and money 
saved per year as a result of turning the compressor off during lunch break are to be determined. 

Analysis It seems like the compressor in this facility is kept on unnecessarily for one hour a day and thus 365 hours a year, 
and the idle factor is 0.35. Then the energy and cost savings associated with turning the compressor off during lunch break 
are determined to be 

Energy Savings = (Power Rating)(Turned Off Hours)(Idle Factor)/r) mot or 
= (125 hp)(0.746 kW/hp)(365 hours/year)(0.35)/0.84 

= 14,182 kWh/year 

Cost Savings = (Energy savings)(Unit cost of energy) 

= (14,182 kWh/year)($0. 09/kWh) 

= $1, 276/year 

Discussion Note that the simple practice of turning the compressor off during 
lunch break will save this facility $1,276 a year in energy costs. There are also side 
benefits such as extending the life of the motor and the compressor, and reducing 
the maintenance costs. 
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7-173 It is determined that 25 percent of the energy input to the compressor is removed from the compressed air as heat in 
the aftercooler with a refrigeration unit whose COP is 2.5. The amounts of the energy and money saved per year as a result 
of cooling the compressed air before it enters the refrigerated dryer are to be determined. 

Assumptions The compressor operates at full load when operating. 


Analysis Noting that 25 percent of the energy input to the compressor is removed by the aftercooler, the rate of heat 
removal from the compressed air in the aftercooler under full load conditions is 


Qaftercooiing = (Rated Power of Compressor)(Load Factor)( Aftercooling Fraction) 
= (150 hp)(0.746 kW/hp)( 1.0)(0.25) = 27.96 kW 


The compressor is said to operate at full load for 2100 hours a year, 
and the COP of the refrigeration unit is 2.5. Then the energy and cost 
savings associated with this measure become 


After- 

cooler 





Energy Savings = ( Q aftercooling )(Annual Operating Hours)/COP 

= (27.96 kW)(2100 hours/year)/2.5 

= 23,490 kWh/year 

Cost Savings = (Energy savings)(Unit cost of energy saved) 
= (23,490 kWh/year)($0. 095/kWh) 

= $2232/year 



Discussion Note that the aftercooler will save this facility 23,490 kWh of electrical energy worth $2232 per year. The 
actual savings will be less than indicated above since we have not considered the power consumed by the fans and/or 
pumps of the aftercooler. However, if the heat removed by the aftercooler is utilized for some useful purpose such as space 
heating or process heating, then the actual savings will be much more. 
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7-174 The motor of a 150 hp compressor is burned out and is to be replaced by either a 93% efficient standard motor or a 
96.2% efficient high efficiency motor. The amount of energy and money the facility will save by purchasing the high- 
efficiency motor instead of standard motor are to be determined. It is also to be determined if the savings from the high 
efficiency motor justify the price differential. 

Assumptions 1 The compressor operates at full load when operating. 2 The life of the motors is 10 years. 3 There are no 
rebates involved. 4 The price of electricity remains constant. 

Analysis The energy and cost savings associated with the installation of the high efficiency motor in this case are 
determined to be 

Energy Savings = (Power Rating)(Operating Hours)(Load Factor)(l/r| s tandard - 1/p efficient) 

= (150 hp)(0.746 kW/hp)(4,368 hours/year)(1.0)( 1/0.930 - 1/0.962) 

= 17,483 kWh/year 

Cost Savings = (Energy savings)(Unit cost of energy) 

= (17,483 kWh/year)($0 . 07 5/kWh) 

= $131 1/year 

The additional cost of the energy efficient motor is 

Cost Differential = $ 1 0,942 - $9,03 1 = $ 1 ,9 1 1 

Discussion The money saved by the high efficiency motor will pay for this cost 
difference in $ 1,9 1 1/$ 13 1 1 = 1.5 years, and will continue saving the facility money 
for the rest of the 10 years of its lifetime. Therefore, the use of the high efficiency 
motor is recommended in this case even in the absence of any incentives from the 
local utility company. 
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7-175 The compressor of a facility is being cooled by air in a heat-exchanger. This air is to be used to heat the facility in 
winter. The amount of money that will be saved by diverting the compressor waste heat into the facility during the heating 
season is to be determined. 


Assumptions The compressor operates at full load when operating. 

'j 

Analysis Assuming c p =1.0 kJ/kg.°C and operation at sea level and taking the density of air to be 1.2 kg/m , the mass flow 
rate of air through the liquid-to-air heat exchanger is determined to be 

Mass flow rate of air = (Density of air)(Average velocity)(Flow area) 

= (1.2 kg/m 3 )(3 m/s)(1.0 m 2 ) 

= 3.6 kg/s = 12,960 kg/h 


Noting that the temperature rise of air is 32°C, the rate at which heat can be recovered (or the rate at which heat is 
transferred to air) is 


Air 
20°C 
3 m/s 


Rate of Heat Recovery = (Mass flow rate of air)(Speciflc heat of air)(Temperature rise) 

= (12,960 kg/h)(1.0 kJ/kg.°C)(32°C) 

= 414,720 kJ/h 

The number of operating hours of this compressor during the heating season is 
Operating hours = (20 hours/day)(5 days/week)(26 weeks/year) 

= 2600 hours/year 

Then the annual energy and cost savings become 

Energy Savings = (Rate of Heat Recovery)(Annual Operating Hours)/Efficiency 
= (414,720 kJ/h)(2600 hours/year)/0.8 
= 1,347,840,000 kJ/year 
= 12,776 therms/year 

Cost Savings = (Energy savings)(EFnit cost of energy saved) 



Hot 
Compressed 
air 


52°C 


= (12,776 therms/year)($ 1.0/therm) 

= $12, 776/year 

Therefore, utilizing the waste heat from the compressor will save $12,776 per year from the heating costs. 

Discussion The implementation of this measure requires the installation of an ordinary sheet metal duct from the outlet of 
the heat exchanger into the building. The installation cost associated with this measure is relatively low. A few of the 
manufacturing facilities we have visited already have this conservation system in place. A damper is used to direct the air 
into the building in winter and to the ambient in summer. 

Combined compressor/heat-recovery systems are available in the market for both air-cooled (greater than 50 hp) 
and water cooled (greater than 125 hp) systems. 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



7-131 


7-176 The compressed air lines in a facility are maintained at a gage pressure of 700 kPa at a location where the 
atmospheric pressure is 85.6 kPa. There is a 3 -mm diameter hole on the compressed air line. The energy and money saved 
per year by sealing the hole on the compressed air line. 

Assumptions 1 Air is an ideal gas with constant specific heats. 2 Kinetic and potential energy changes are negligible. 

Properties The gas constant of air is R = 0.287 kJ/kg.K. The specific heat ratio of air is k = 1.4 (Table A-2). 

Analysis Disregarding any pressure losses and noting that the absolute pressure is the sum of the gage pressure and the 
atmospheric pressure, the work needed to compress a unit mass of air at 15°C from the atmospheric pressure of 85.6 kPa to 
700+85.6 = 785.6 kPa is determined to be 


kRP 


w 


comp, in 






(k-\)/k 


-1 


7comp(^ 1) 

(1.4)(0.287kJ/kg.K)(288K) 


r 785.6 kPa A(1 ' 4 1}/1 ' 4 


(0.8)(1.4 - 1) K 85.6 kPa 

= 319.6 kJ/kg 

The cross-sectional area of the 5 -mm diameter hole is 

A = tiD 2 / 4 = n( 3 x 10“ 3 m) 2 / 4 = 7.069 x 10" 6 m 2 

Noting that the line conditions are T 0 = 298 K and 
Po = 785.6 kPa, the mass flow rate of the air leaking 
through the hole is determined to be 


-1 


"hi r = C 


loss 


2 


\ 


k + l 




Pn 


RT, 


AAkR 


o 


2 


T, 


= (0.65) 


2 


\ 


1.4 + 1 


1 /( 1 . 4 - 1 ) 


* + 1 / ° 
785.6 kPa 


P atm =85.6 kPa, 15°C 
Air leak 


(0.287 kPa.nr / kg.K)(298 K) 


(7.069 xlO -6 m 2 ) 


X 


1 


(1.4)(0.287 kJ/kg.K) 
= 0.008451 kg/s 


ToOOm 2 /s 2 V 


1 kJ/kg 


2 


1.4 + 1 


(298 K) 



Then the power wasted by the leaking compressed air becomes 

Power wasted = rn air w comp?in = (0.00845 1 kg/s)(3 19.6 kJ/kg) = 2.70 1 kW 


Noting that the compressor operates 4200 hours a year and the motor efficiency is 0.93, the annual energy and cost savings 
resulting from repairing this leak are determined to be 

Energy Savings = (Power wasted)(Annual operating hours)/Motor efficiency 

= (2.701 kW)(4200 hours/year)/0.93 

= 12,200 kWh/year 

Cost Savings = (Energy savings)(EFnit cost of energy) 

= (12,200 kWh/year)($0. 07/kWh) 

= $854/year 

Therefore, the facility will save 12,200 kWh of electricity that is worth $854 a year when this air leak is sealed. 
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7-177 The total energy used to compress air in the US is estimated to be 0.5xl0 15 kJ per year. About 20% of the 
compressed air is estimated to be lost by air leaks. The amount and cost of electricity wasted per year due to air leaks is to 
be determined. 

Assumptions About 20% of the compressed air is lost by air leaks. 

Analysis The electrical energy and money wasted by air leaks are 
Energy wasted = (Energy consumed)(Fraction wasted) 

= (0.5xl0 15 kJ)(l kWh/3600 kJ)(0.20) 

= 27.78xl0 9 kWh/year 

Money wasted = (Energy wasted)(Unit cost of energy) 

= (27.78xl0 9 kWh/year)($0. 07/kWh) 

= $1.945xl0 9 /year 

Therefore, air leaks are costing almost $2 billion a year in electricity costs. The environment also suffers from this because 
of the pollution associated with the generation of this much electricity. 
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Review Problems 


7-178E The source and sink temperatures and the thermal efficiency of a heat engine are given. The entropy change of the 
two reservoirs is to be calculated and it is to be determined if this engine satisfies the increase of entropy principle. 


Assumptions The heat engine operates steadily. 

Analysis According to the first law and the definition of the thermal efficiency, 
Ql = (1 ■ - r?)Q H = (1 ■ - 0.4)(1 Btu) = 0.6 Btu 


when the thermal efficiency is 40%. The entropy change of everything 
involved in this process is then 


AS total - AS H + A S L 


= Qh_ + Ql 
T h T l 


1BtU + 0,6 BtU = 0.000431 Btu/R 

1300 R 500 R 



Since the entropy of everything has increased, this engine is possible. When the thermal efficiency of the engine is 70%, 
Ql = (1 ■ - rj)Q H = (1 - 0.7)(1 Btu) = 0.3 Btu 


The total entropy change is then 


AS to tai “ AS H + A S L 


Qh q 


L 


-lBtu 0.3 Btu 


T 


H 


T l 1300 R 500 R 


- -0.000169 Btu/R 


which is a decrease in the entropy of everything involved with this engine. Therefore, this engine is now impossible. 
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7-179 The source and sink temperatures and the COP of a refrigerator are given. The total entropy change of the two 
reservoirs is to be calculated and it is to be determined if this refrigerator satisfies the second law. 


Assumptions The refrigerator operates steadily. 


Analysis Combining the first law and the definition of the coefficient of 
performance produces 


Qh =Ql 


14- 


COP 


= (lkJ) 


R J 


i+i 

4 


= 1.25 kJ 


when COP = 4. The entropy change of everything is then 


AS total - AS H + A S L 

= Qh ^Ql _ 1-25 kJ 
T h T l 303 K 


-1 kt 

— = 0.000173 kJ/K 

253 K 


30°C C7) 
Qh 



r y — w nel 


1 kJ 


C-20°C J) 


Since the entropy increases, a refrigerator with COP = 4 is possible. When the coefficient of performance is increased to 6, 


Qh =Ql 


14- 


COP 


= (1 kJ) 


R y 


1 + 1 

6 


1.167 kJ 


and the net entropy change is 


AS total ~ AS H + A S L 

= Qh , Ql = 1-167 kJ 
T h T l 303 K 


— 1 kJ 
253 K 


= -0.000101 kJ/K 


and the refrigerator can no longer be possible. 


7-180 The operating conditions of a refrigerator are given. The rate of entropy changes of all components and the rate of 
cooling are to be calculated and it is to be determined if this refrigerator is reversible. 

Assumptions The refrigerator operates steadily. 

Analysis Applying the first law to the refrigerator below, the rate of cooling is 

Ql = Qh - W ne t,in = 14 kW - 10 kW = 4 kW 

The rate of entropy change for the low-temperature reservoir, according to the 
definition of the entropy, is 

Ot -4kW 

AS, = ^ = — — - = -0.02 kW/K 

T l 200 K 

The rate at which the entropy of the high-temperature energy reservoir is changing is 


400 



AS 


H 


Qh 

T h 


14 kW 
400 K 


0.035 kW/K 


Since the working fluid inside the refrigerator is constantly returning to its original state, the entropy of the device does not 
change. Summing the rates at which the entropy of everything involved with this device changes, produces 

A S total =A S H + AS L + AS device =0.035 -0.020 + 0 = 0.01 5 kW/K 

Hence, the increase in entropy principle is satisfied, and this refrigerator is possible, but not completely reversible. 
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7-181 R-134a is compressed in a compressor adiabatically. The minimum internal energy at the final state is to be 
determined. 


Analysis The initial state is saturated mixture and the properties are (Table A- 12) 

^1 = S f@ 200kPa + XS fg@2 OOkPa 

= 0.15457 + 0.85(0.78316) 

= 0.8203 kJ/kg-K 

For minimum internal energy at the final state, the process should be isentropic. 
Then, 



P 2 = 800 kPa 

s 2 =s l =0.8203 kJ/kg-K 


x 2 

u 2 


HZIL = 0-8203- 0-35404 =Q g262 
s fg 0.56431 

u f + x 2 u fg = 94.79 + (0.8262)(152.00) = 220.4 kJ/kg 
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7-182 R-134a is condensed in a piston-cylinder device in an isobaric and reversible process. It is to be determined if the 
process described is possible. 

Analysis We take the R-134a as the system. This is a closed system since no mass crosses the boundaries of the system. 
The energy balance for this system can be expressed as 


^in ^out 

V 

Net energy transfer 
by heat, work, and mass 


A F 

system 

V 

Change in internal, kinetic, 
potential, etc. energies 


- Gout - WVout = A U = m(u 2 -«| ) 

-Gout =Wb,out +m(u 2 - Ml) 

- Gout = m ( h 2 - V) 

Gout =m(hf -h 2 ) 


R134a 
1 MPa 
180°C 


G 


since A U+ W h = AH during a constant pressure quasi-equilibrium process. 
The initial and final state properties are (Tables A- 12 and A- 13) 


P { = 1000kPa 
T x = 100°C 


Aj =421.36 kJ/kg 
s x = 1.3124kJ/kg-K 


P 2 = 1000 kPa 
*2 =° 


' /z 2 = 107.32 kJ/kg 
’ s 2 =0.3919 kJ/kg-K 



Substituting, 


q out = h l -h 2 =421.36 -107.32 = 314.0 kJ/kg 


The entropy change of the energy reservoir as it undergoes a reversible, isothermal process is 


As 


surr 


out 

T 

x res 


3 14.0 kJ/kg =0 8419kJ/k K 
(100 + 273) K 


where the sign of heat transfer is taken positive as the reservoir receives heat. The entropy change of R- 134a during the 
process is 

A %i34a ~ ^2 -^1 =0.3919 -1.3124 = -0.9205 kJ/kg-K 
The total entropy change is then, 

As total = A.v R134a + A.v surr = -0.9205 + 0.8419 = -0.0786 kJ/kg • K 
Since the total entropy change (i.e., entropy generation) is negative, this process is impossible. 
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7-183 Air is first compressed adiabatically and then expanded adiabatically to the initial pressure. It is to be determined if 
the air can be cooled by this process. 

Analysis From the entropy change relation of an ideal gas, 

T P 

As - = c _ In — - R In — 
air p T x P x 

Since the initial and final pressures are the same, the equation reduces to 

T 7 

Ai air = C p In -f- 

M 

As there are no heat transfer, the total entropy change (i.e., entropy generation) for this process is equal to the entropy 
change of air. Therefore, we must have 

T 

As air =Cp l n ^-^0 
M 

The only way this result can be satisfied is if 

t 2 >t x 

It is therefore impossible to create a cooling effect (T 2 < T x ) in the manner proposed. 


7-184E Air is compressed adiabatically in a closed system. It is to be determined if this process is possible. 

Assumptions 1 Changes in the kinetic and potential energies are negligible. 4 Air is an ideal gas with constant specific 
heats. 

Properties The properties of air at room temperature are R = 0.3704 psia-ft 3 /lbm-R, c p = 0.240 Btu/lbm-R, k = 1.4 (Table A- 
2Ea). 

Analysis The specific volume of air at the initial state is 

v _ RT\ _ (0.3704psia-ft 3 /lbm-R)(560R) _ 10 3 

1 Pj 20 psia 

The volume at the final state will be minimum if the process is isentropic. The specific volume for this case is determined 
from the isentropic relation of an ideal gas to be 

\\ /k / . x 1/1.4 

= (10.37 ft 3 /lbm) 2 pSm = 2.884 ft 3 /lbm 
P 2 ) ^120psia J 

and the minimum volume is 

i/ 2 = mi/ 2 = (1 lbm)(2.884ft 3 /lbm) = 2.88 ft 3 

which is smaller than the proposed volume 3 ft 3 /lbm. Hence, it is possible to compress this air into 3 ft 3 /lbm. 
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7-185E A solid block is heated with saturated water vapor. The final temperature of the block and water, and the entropy 
changes of the block, water, and the entire system are to be determined. 

Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved. 3 There is no heat transfer between the system and the surroundings. 

Analysis (a) As the block is heated, some of the water vapor will be condensed. We will assume (will be checked later) that 
the water is a mixture of liquid and vapor at the end of the process. Based upon this assumption, the final temperature of the 
water and solid block is 212°F (The saturation temperature at 14.7 psia). The heat picked up by the block is 

Gbiock =mc(T 2 -r 1 ) = (1001bm)(0.5Btu/lbm-R)(212-70)R = 7100Btu 


The water properties at the initial state are 


P x = 14.7 psia | 


x x = l 


T x = 212°F 

h x = 1 150.3 Btu/lbm 
s x = 1.7566 Btu/lbm R 


(Table A-5E) 


The heat released by the water is equal to the heat picked up by the block. Also noting that the pressure of water remains 
constant, the enthalpy of water at the end of the heat exchange process is determined from 

h 7 =h, = 1 150,3 Btu/lbm- 7100 BtU = 440.3 Btu/lbm 
m w lOlbm 

The state of water at the final state is saturated mixture. Thus, our initial assumption was correct. The properties of water at 
the final state are 


P 2 = 14.7 psia 
h 2 = 440.3 Btu/lbm 


x 2 = 


h 2 h f 


h 


fs 


440.3-180.16 

970.12 


= 0.2682 


s 2 = s f + x 2 s fg = 0.3 1215 + (0.2682)(1.44441) = 0.69947 Btu/lbm R 


The entropy change of the water is then 

AS water = m w 0 2 ~ s \ ) = O' 0 lbm)(0.69947 - 1 .7566)Btu/lbm = -1 0.57 Btu/R 

(b) The entropy change of the block is 

AS hX k = me In — = (100 lbm)(0.5 Btu/lbm • R)ln — — — 460)R _ ^ ^ 

T x (70 + 460)R 

(c) The total entropy change is 

AStotai = AS water + AS block =-10.57 + 1 1.87 = 1.30 Btu/R 
The positive result for the total entropy change (i.e., entropy generation) indicates that this process is possible. 
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7-186 Air is compressed in a piston-cylinder device. It is to be determined if this process is possible. 

Assumptions 1 Changes in the kinetic and potential energies are negligible. 4 Air is an ideal gas with constant specific 
heats. 3 The compression process is reversible. 

Properties The properties of air at room temperature are R = 0.287 kPa-mVkg-K, c p = 1.005 kJ/kg-K (Table A-2a). 

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 


^in ^out — ^'system 

' V ' v V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

W b , in - Gout = A U = m(u 2 -Ui) 

- Gout = me p (T 2 -T { ) 

W b,m-Qout=° (since 7 2 = 7.) 

Gout = W b,in 

The work input for this isothermal, reversible process is 



Heat 


w in = RT In 


Pi 

P 


(0.287 kJ/kg -K)(300 K)ln 


250 kPa 
100 kPa 


78.89 kJ/kg 


That is, 


tfout =w in = 78.89 kJ/kg 

The entropy change of air during this isothermal process is 


T, 


A 


Pi 


As air = c p In — - R In — = -R In — = -(0.287 kJ/kg • K)ln 


P 


P 


P 


250 kPa 
100 kPa 


= -0.2630 kJ/kg-K 


The entropy change of the reservoir is 
q R 78.89 kJ/kg 


As r 


T 


R 


300 K 


= 0.2630 kJ/kg-K 


Note that the sign of heat transfer is taken with respect to the reservoir. The total entropy change (i.e., entropy generation) 
is the sum of the entropy changes of air and the reservoir: 

As total - As air + A s R = -0.2630 + 0.2630 = 0 kJ/kg • K 

Not only this process is possible but also completely reversible. 
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7-187 A paddle wheel does work on the water contained in a rigid tank. For a zero entropy change of water, the final 
pressure in the tank, the amount of heat transfer between the tank and the surroundings, and the entropy generation during 
the process are to be determined. 

Assumptions The tank is stationary and the kinetic and potential energy changes are negligible. 

Analysis ( a ) Using saturated liquid properties for the compressed liquid at the initial state (Table A-4) 


T x = 140°C 


u x = 588.76 kJ/kg 
s x =1.7392 kJ/kg.K 


x x = 0 (sat.liq.) 

The entropy change of water is zero, and thus at the final state we have 


T 2 = 80°C 


s 2 = <q =1.7392 kJ/kg.K 


P 2 = 47.4 kPa 

u 2 =552.93 kJ/kg 



( b ) The heat transfer can be determined from an energy balance on the tank 

Qout = Wp w ,in - m ( u 2 - u \) = 48 kJ - (3.2 kg)(552.93 - 588.76)kJ/kg = 163 kJ 

(c) Since the entropy change of water is zero, the entropy generation is only due to the entropy increase of the surroundings, 
which is determined from 


V —AS' = 
LJ gen surr 


Q 


out 


163 kJ 


T mn (15 + 273) K 


= 0.565 kJ/K 
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7-188 A horizontal cylinder is separated into two compartments by a piston, one side containing nitrogen and the other side 
containing helium. Heat is added to the nitrogen side. The final temperature of the helium, the final volume of the nitrogen, 
the heat transferred to the nitrogen, and the entropy generation during this process are to be determined. 

Assumptions 1 Kinetic and potential energy changes are negligible. 2 Nitrogen and helium are ideal gases with constant 
specific heats at room temperature. 3 The piston is adiabatic and frictionless. 

Properties The properties of nitrogen at room temperature are R = 0.2968 kPa.m 3 /kg.K, c p = 1.039 kJ/kg.K, c v = 0.743 
kJ/kg.K, k = 1.4. The properties for helium are R = 2.0769 kPa.m 3 /kg.K, c p = 5.1926 kJ/kg.K, c u = 3.1 156 kJ/kg.K, k = 
1.667 (Table A-2). 


He 

0.1kg 


(b) The initial and final volumes of the helium are 


Analysis (a) Helium undergoes an isentropic compression process, 
and thus the final helium temperature is determined from 


Q 


^He,2 “ ^1 


r p 


\ F \ J 


= (20 + 273)K 


120kPa 
95 kPa 


\ (1.667-1)/ 1.667 


N 2 . 

0.2 nr 


321 .7 K 



mRT x 

~k~ 


(0. 1 kg)(2.0769 kPa • m Vkg ■ K)(20 + 273 K) 

95 kPa 


0.6406 m 3 



mRT 2 

~TT 


(0. 1 kg)(2.0769 kPa • m 3 /kg ■ K)(321 .7 K) 
120 kPa 


0.5568m 3 


Then, the final volume of nitrogen becomes 

V mi =t/ N2,i +t Vi _l/ He,2 = 0.2 + 0.6406 - 0.5568 = 0.2838 01 3 
(c) The mass and final temperature of nitrogen are 


m N2 = 


m 

RT l 


(95 kPa)(0,2 m 3 ) 

(0.2968 kPa • m 3 /kg • K)(20 + 273 K) 


0.2185 kg 


„ (120 kPa)(0.2838 m 3 ) v 

7 N 2 2 — — o — JZJ.llv 

mR (0.2185 kg)(0.2968 kPa-m/kg-K) 


The heat transferred to the nitrogen is determined from an energy balance 
Qm = AU m + ^^He 

= [ mc v ( T 2- T l )] N 2 + l mC v ( T 2~ T l )] H e 

= (0.21 85 kg)(0.743 kJ/kg.K)(525. 1 - 293) + (0. 1 kg)(3.1 156 kJ/kg.K)(321 .7 - 293) 

= 46.6 kJ 


(i d) Noting that helium undergoes an isentropic process, the entropy generation is determined to be 


S no „ — AS N2 + AS 


gen 


surr 


= m 


N2 


f j, 

c p — 

V " 


R In 


Pn 


P 


“Gin 


1 J 


T 


R 


= (0.2185 kg) 

= 0.057 kJ/K 


(1 .039 kJ/kg.K)ln 525,1K - (0.2968 kJ/kg.K)ln 120 kPa 


293 K 


95 kPa 


-46.6 kJ 


(500 + 273) K 
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7-189 An electric resistance heater is doing work on carbon dioxide contained an a rigid tank. The final temperature in the 
tank, the amount of heat transfer, and the entropy generation are to be determined. 


Assumptions 1 Kinetic and potential energy changes are negligible. 2 Carbon dioxide is ideal gas with constant specific 
heats at room temperature. 

Properties The properties of CO 2 at an anticipated average temperature of 350 K are R = 0.1889 kPa.nrVkg.K, c p = 0.895 
kJ/kg.K, c v = 0.706 kJ/kg.K (Table A-2b). 


Analysis (a) The mass and the final temperature of CO 2 may be 
determined from ideal gas equation 


P X V (100kPa)(0.8m 3 ) 

RT X (0.1889 kPa-m 3 /kg-K)(250K) 


1.694 kg 


t 2 


P 2 V (175 kPa)(0,8 m 3 ) 437 . 5 K 

mR (1.694 kg)(0.1889 kPa -m 3 /kg -K) 



(b) The amount of heat transfer may be determined from an energy balance on the system 
Gout = 4,in A? - m c J r 2 -T'l ) 

= (0.5 kW)(40 X 60 s) - (1.694 kg)(0.706 kJ/kg.K)(437.5 - 250)K = 975.8 kJ 


(c) The entropy generation associated with this process may be obtained by calculating total entropy change, which is the 
sum of the entropy changes of C0 2 and the surroundings 



AS C02 + AS sun- ~ m 


c ]n^--R\n P2 


p 


r, 




Q 


out 


1 J 


T, 


SUIT 


(1.694 kg) 


(0.895 kJ/kg.K)ln 437,5 K -(0.1889 kJ/kg.K)ln 175 kPa 


250 K 


100 kPa 


975.8 kJ 
300 K 


-3.92 kJ/K 
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7-190 Heat is lost from the helium as it is throttled in a throttling valve. The exit pressure and temperature of helium and the 
entropy generation are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Helium is an 
ideal gas with constant specific heats. 

Properties The properties of helium are R = 2.0769 kPa.m /kg.K, c p = 

5. 1926 kJ/kg.K (Table A-2a). Helium 

300 kPa 

50°C 


Analysis (a) The final temperature of helium may be determined from an 
energy balance on the control volume 


<7out =c p ( T i -T 2 ) >T 2 =7i -i^ = 50°C- 

c 


1.75 kJ/kg 


= 322.7 K = 49.7°C 


p 5.1926 kJ/kg. °C 

The final pressure may be determined from the relation for the entropy change of helium 

As He = C P In — - R In — 


r, 


p 


0.25 kJ/kg.K = (5. 1926 kJ/kg.K) In 

Po =265 kPa 


322.7 K 
323 K 


- (2.0769 kJ/kg. K)ln 


P, 


300 kPa 


4 


<7 




(b) The entropy generation associated with this process may be obtained by adding the entropy change of helium as it flows 
in the valve and the entropy change of the surroundings 


^gen “As He 


+ A *surr = A * 


He 


+ = 0.25 kJ/kg.K + L75 kJ/kg - 0.256 kJ/kg.K 


T 


SUIT 


(25 + 273) K 
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7-191 Refrigerant- 1 34a is compressed in a compressor. The rate of heat loss from the compressor, the exit temperature of 
R-134a, and the rate of entropy generation are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis ( a ) The properties of R-134a at the inlet of the compressor are (Table A-12) 


P x = 200 kPa 1 W ~ °- 09987 m /k § 

= 1 r/z x =244.46kJ/kg 

''' J s x =0.93773 kJ/kg.K 


The mass flow rate of the refrigerant is 

. t>! 0.03 m 3 /s , 

m = — = = 0.3004 kg/s 

V X 0.09987 m 3 /kg 

Given the entropy increase of the surroundings, the heat lost from the 
compressor is 


Q 700 kPa 


Compressor 


R-134a 
200 kPa 
sat. vap. 


AS surr “ 


G„„t = T smr AS smr = (20 + 273 K)(0.008kW/K) = 2.344 kW 


(b) An energy balance on the compressor gives 

W in - Gout = ™(h 2 - h ) 

10 kW - 2.344 kW = (0.3004 kg/s )(h 2 - 244.46) kJ/kg > h 2 = 269.94 kJ/kg 

The exit state is now fixed. Then, 

P 2 = 700 kPa 1 T 2 =31.5°C 

h 2 = 269.94 kJ/kg j = 0.93620 kJ/kg.K 

(c) The entropy generation associated with this process may be obtained by adding the entropy change of R- 134a as it flows 
in the compressor and the entropy change of the surroundings 


^gen = A *5 r + Aurr = fh ( s 2 ~ *l) + AA surr 

= (0.3004 kg/s)(0.93620 - 0.93773) kJ/kg.K + 0.008 kW/K 

= 0.00754 kJ/K 
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7-192 Air flows in an adiabatic nozzle. The isentropic efficiency, the exit velocity, and the entropy generation are to be 
determined. 

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-l). 

Assumptions 1 Steady operating conditions exist. 2 Potential energy changes are negligible. 

Analysis (a) (b) Using variable specific heats, the properties can be determined from air table as follows 

h x = 400.98 kJ/kg 

7] = 400 K > s\ =1.99194 kJ/kg.K 

P ri =3.806 


T 2 = 350 K > 


h 2 = 350.49 kJ/kg 


P ~ —P - 

r r 2 ~ p r rl ~ 

JL\ 


s 2 = 1.85708 kJ/kg.K 
300 kPa 



500 kPa 


(3.806) = 2.2836 >h 2s = 346.3 1 kJ/kg 


Energy balances on the control volume for the actual and isentropic processes give 


T / 2 T / 2 

h x + = h 2 + 


2 2 


400.98 kJ/kg + 


(30 m/s) 2 ( 1 kJ/kg 


2 


1000 m 2 /s 2 


= 350.49 kJ/kg A 2 


2 


1 kJ/kg 


1000 m 2 /s 2 


=319.1 m/s 


; Vi 7 u 2s 

h x H — /Zo ? -I L - 

1 2 2 


400.98 kJ/kg + 


(30 m/s) 2 ( 1 kJ/kg 


2 


2/2 


1000 m /s 


= 346.31 kJ/kg + 


V 


2s 


2 


1 kJ/kg 


1000 m 2 /s 2 


V 2s =331.8 m/s 


The isentropic efficiency is determined from its definition, 


7n = 


V 2 (319.1 m/s) 


= 0.925 


V 2s (331.8 m/s) 2 

(c) Since the nozzle is adiabatic, the entropy generation is equal to the entropy increase of the air as it flows in the nozzle 


= As air =s? -Si -R In 


gen 


p 


= (1.85708-1.991 94)kJ/kg.K - (0.287 kJ/kg.K)ln 

= 0.01 18 kJ/kg.K 


300 kPa 
500 kPa 
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7-193 An insulated rigid tank is connected to a piston-cylinder device with zero clearance that is maintained at constant 
pressure. A valve is opened, and some steam in the tank is allowed to flow into the cylinder. The final temperatures in the 
tank and the cylinder are to be determined. 

Assumptions 1 Both the tank and cylinder are well-insulated and thus heat transfer is negligible. 2 The water that remains 
in the tank underwent a reversible adiabatic process. 3 The thermal energy stored in the tank and cylinder themselves is 
negligible. 4 The system is stationary and thus kinetic and potential energy changes are negligible. 

Analysis (a) The steam in tank A undergoes a reversible, adiabatic process, and thus s 2 = s\. From the steam tables (Tables 
A-4 through A-6), 


P x = 350 kPa 
sat.vapor 


v i = v*@350 kPa =0.52422 m 3 /kg 
u \ =u g @ 350 kPa = 2548.5 kJ/kg 
s \ = ^@350 kPa = 6.9402 kJ/kg ■ K 


Tl,A ~ ^sat@200 kPa -120.2°C 


P 2 = 200 kPa 

^ 2=^1 
{sat. mixture) 


X 2 ,A = 


s 2,a ~ s f 6.9402-1.5302 


fg 


5.5968 


= 0.9666 


v 2 iA =v f + x 2 ,AVf g - 0.001061 + (0.9666)(0. 88578 - 0.001061) = 0.85626 m 3 /kg 
u 2 A =u f +x 2A u fg =504.50 + (0.9666X2024.6 kJ/kg) =2461.5 kJ/kg 


The initial and the final masses are 


m \,A = 


mo . = 


'2, A 


m 


V A 

0.2 m 3 


0.52422 m 3 /kg 

Pr 

0.2 m 3 

U 2 ,A 

0.85626 m 3 /kg 

= m \,A 

-m 2A = 0.3815 - 


= 0.3815 kg 


= 0.2336 kg 


( b ) The boundary work done during this process is 

Wb t out = = P B \y liB ~®) = Pb 171 2,b {/ 2,b 


Sat. 



vapor 



350 kPa 


200 kPa 

0.2 m 3 




s 


Taking the contents of both the tank and the cylinder to be 
the system, the energy balance for this closed system can be 
expressed as 

^in — ^out — / ^'system 

V V ' ' V / 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

~ W b , ou t = At/ = (AU) a + (AU\ 

W h , OM +{AU) A +{AU) B =0 
or, P B m 2 ,B V 2 ,B + ( m 2 U 2 - m \ U \) A + ( m 2 u 2 L = 0 

m 2,B h 2,B+( m 2 u 2- m l ll l) A =° 

Thus, 

„ 2 , = (>"<“<-<•>“ A (0.3815X254 8 .5)-(0.2336X24«1.5) = ^ 
m 1R 0.1479 


At 200 kPa, hf= 504.71 and h g = 2706.3 kJ/kg. Thus at the final state, the cylinder will contain a saturated liquid-vapor 
mixture since hf < h 2 < h g . Therefore, 

^2 ,B = ^sat@200 kPa = ^ 20.25 °C 
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7-194 Helium gas is compressed in an adiabatic closed system with an isentropic efficiency of 80%. The work input and the 
final temperature are to be determined. 

Assumptions 1 Kinetic and potential energy changes are negligible. 3 The device is adiabatic and thus heat transfer is 
negligible. 4 Helium is an ideal gas. 

Properties The properties of helium are c v = 3.1 156 kJ/kg-K and k = 1.667 (Table A-2 b). 

Analysis Analysis We take the helium as the system. This is a closed system since no mass crosses the boundaries of the 
system. The energy balance for this system can be expressed as 


^in ^out 


A E 


system 


Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

W in = AU = m(u 2 -u l ) = mc v (T 1 ~T\) 
The isentropic exit temperature is 


T 2s = 7i 


r p 

1 O 


J 


= (300 K) 


/ , \ 0.667/1.667 

^900 kPa^ 


100 kPa 


= 722.7 K 


Helium 
100 kPa 
27°C 


The work input during isentropic process would be 

w s,in = mc v( r 2s “T’i) = (3 kg)(3. 1 1 56 kJ/kg • K)(722.7 - 300)K = 3950 kJ 


The work input during the actual process is 




3950 kJ 
0.80 


= 4938 kJ 
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7-195 R-134a undergoes a reversible, isothermal expansion in a steady- flow process. The power produced and the rate of 
heat transfer are to be determined. 


Analysis We take the steady-flow device as the system, which is a control volume since mass crosses the boundary. Noting 
that one fluid stream enters and leaves the turbine, the energy balance for this steady-flow system can be expressed in the 
rate form as 


r _ r _ a 77 ^0 (steady) 

^in ^ out — system 

V v ' v V ' 

Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


^"in ^out 

Q m + mh x = W out + mh 2 (since Ake = Ape = 0) 
2in - ^out = m(h 2 - h x ) 


The initial and final state properties are (Table A- 13) 


P x = 600 kPa 
T x =100°C 


h x = 339.47 kJ/kg 
\ =1.1536 kJ/kg -K 


P 2 = 200 kPa 
T 2 =100°C 


h 2 =343.60 kJ/kg 
[ s 2 =1.25 12 kJ/kg -K 



Applying the entropy definition to an isothermal process gives 

2 

Q m = mj Tds = mT(s 2 - Sj) = (1 kg/s)(100 + 273 K)(1.2512 - 1.1536) = 36.42 kW 
1 


Substituting into energy balance equation, 

Wont = Qm - ™( h 2 ~ h \) = ( 36 - 42 kw ) - (1 kg/s)(343.60 - 339.47) kJ/kg = 32.3 kW 
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7-196 The claim of an inventor that an adiabatic steady-flow device produces a specified amount of power is to be 
evaluated. 


Assumptions 1 Kinetic and potential energy changes are negligible. 3 The device is adiabatic and thus heat transfer is 
negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at the anticipated average temperature of 400 K are c p = 1.013 kJ/kg-K and k = 1.395 
(Table A-2 b). 


Analysis Analysis We take the steady-flow device as the system, which is 
a control volume since mass crosses the boundary. Noting that one fluid 
stream enters and leaves the turbine, the energy balance for this steady- 
flow system can be expressed in the rate form as 


^in ^out 

v. y 

V 

Rate of net energy transfer 
by heat, work, and mass 


a 17 <^° (steady) 

system 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 


^in ^out 

mh x = W out + mh 2 (since Q = Ake = Ape = 0) 


W out = th dh -h 2 ) = ,hc p ( T 1 - T 2 ) 


The adiabatic device would produce the maximum power if the process is 
isentropic. The isentropic exit temperature is 






P7 

j 


(k-\)/k 


r 


= (573 K) 

v 


100 kPa" 
900 kPa y 


0.395/1.395 


= 307.6 K 


The maximum power this device can produce is then 


Pi =900 kPa 
Ti = 300°C 




W s>out =mCp( r i - T 2s ) = (lkg/s)(1.013 kJ/kg • K)(573 - 307.6)K = 269 kW 


This is greater than the power claim of the inventor, and thus the claim is valid. 
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7-197 A gas is adiabatically expanded in a piston-cylinder device with a specified isentropic efficiency. It is to be 
determined if air or neon will produce more work. 

Assumptions 1 Kinetic and potential energy changes are negligible. 3 The device is adiabatic and thus heat transfer is 
negligible. 4 Air and helium are ideal gases. 

Properties The properties of air at room temperature are c v = 0.718 kJ/kg-K and k = 1.4. The properties of neon at room 
temperature are c v = 0.6179 kJ/kg-K and k = 1.667 (Table A-2 a). 

Analysis We take the gas as the system. This is a closed system since no mass crosses the boundaries of the system. The 
energy balance for this system can be expressed as 


^in ^out 

J 

V 

Net energy transfer 
by heat, work, and mass 


A F 

IAJ - J system 

y j 

v 

Change in internal, kinetic, 
potential, etc. energies 


-Wout =A U=m(u 2 - M|) = mc v (T 2 

W out = mc v {T x -T 2 ) 



The isentropic exit temperature is 


Tis = T x 


r p 




= (300 + 273 K) 


80 kPa 
3000 kPa 


0 . 4 / 1. 4 


= 203.4 K 


Air 
3 MPa 
300°C 


The work output during the actual process is 

w in =7jc v (T x - T 2s ) = (0.90)(0.718 kJ/kg • K)(573 - 203. 4)K = 239 kJ/kg 

Repeating the same calculations for neon, 


T 2s =T i 


P 




2 s 


y p i j 


(k—\)I k 


= (300 + 273 K) 


^ 80 kPa ^°- 667/L667 


3000 kPa 


= 134.4 K 


w in =7 7 c v (r 1 - T 2s ) = (0.80)(0.6179 kJ/kg • K)(573 - 134.4)K = 217 kJ/kg 
Air will produce more work. 
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7-198 Refrigerant- 134a is expanded adiabatically in a capillary tube. The rate of entropy generation is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis The rate of entropy generation within the expansion device during this process can be determined by applying the 
rate form of the entropy balance on the system. Noting that the system is adiabatic and thus there is no heat transfer, the 
entropy balance for this steady- flow system can be expressed as 


^in ^out 


+ 


gen 


= AS 


<P0 (steady) 


system 


Rate of net entropy transfer Rate of entropy 
by heat and mass generation 


Rate of change 
of entropy 


"Vl ~ ,h 2 s 2 + 5 gen = 0 

^gen ='»(S 2 - S l) 


^gen _ ^2 S \ 


R-134a 
50°C 
sat. liq. 


Capillary tube 

► -12°C 


It may be easily shown with an energy balance that the enthalpy remains constant during the throttling process. The 
properties of the refrigerant at the inlet and exit states are (Tables A-l 1 through A- 13) 


T x = 50°C 
x x = 0 


h x = 123.50 kJ/kg-K 
s x = 0.44193 kJ/kg -K 


T 2 = -12°C 

h 2 =h x = 123.50 kJ/kg -K 



~h f 123.50-35.92 A „„„„ 

— = = 0.4223 

h fg 207.38 

+ x 2 s fg = 0. 14504 + (0.4223)(0.79406) = 0.48038 kJ/kg ■ K 


Substituting, 

S gen = m(s 2 -s x ) = (0.2 kg/s)(0.48038 - 0.44193) kJ/kg • K = 0.00769 kW/K 
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7-199 Air is compressed steadily by a compressor from a specified state to a specified pressure. The minimum power input 
required is to be determined for the cases of adiabatic and isothermal operation. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Air is an ideal gas with variable specific heats. 4 The process is reversible since the work input to the 
compressor will be minimum when the compression process is reversible. 

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-l). 

Analysis (a) For the adiabatic case, the process will be reversible and adiabatic (i.e., isentropic), thus the isentropic 
relations are applicable. 


and 


T x = 290 K >P n =12311 and h x = 290. 16 kJ/kg 



Pi 

R 


P 


700 kPa 
100 kPa 


(1.231 1) = 8.6177 


-» 


T 2 = 503.3 K 
h 2 = 506.45 kJ/kg 


The energy balance for the compressor, which is a steady- flow system, can be 
expressed in the rate form as 


^in ^out 

V y 

V 

Rate of net energy transfer 
by heat, work, and mass 


a 17 (steady) 

^^system 

v, J 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 




W in + mh x = mh 2 — » W [n = m(h 2 - h x ) 

Substituting, the power input to the compressor is determined to be 
W m = (5/60 kg/s)(506.45 - 290. 1 6)kJ/kg = 18.0 kW 


(b) In the case of the reversible isothermal process, the steady-flow energy balance becomes 

E m = 4 ut -> ^in + > hh \ ~ Gout = >" h 2 “> ^in = Gout + »»(*2 “ ^l)^ 0 = Gout 
since h = h(T) for ideal gases, and thus the enthalpy change in this case is zero. Also, for a reversible isothermal process, 

Gout = > hT ( s i ~ s i)= -rhT(s 2 - Si) 

where 


- ^i = \$2 ~ ^ 1 °)^ - = -R\n~- = -(0.287 kJ/kg • K)ln 


R 


R 


700 kPa 
100 kPa 


= -0.5585 kJ/kg -K 


Substituting, the power input for the reversible isothermal case becomes 


W m = -(5/60 kg/s)(290 K)(-0.5585 kJ/kg • K) = 13.5 kW 
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7-200 Air is compressed in a two-stage ideal compressor with intercooling. For a specified mass flow rate of air, the power 
input to the compressor is to be determined, and it is to be compared to the power input to a single-stage compressor. 

Assumptions 1 The compressor operates steadily. 2 Kinetic and potential energies are negligible. 3 The compression 
process is reversible adiabatic, and thus isentropic. 4 Air is an ideal gas with constant specific heats at room temperature. 

Properties The gas constant of air is R = 0.287 kPa.m 3 /kg.K (Table A-l). The specific heat ratio of air is k = 1.4 (Table A- 
2). 


Analysis The intermediate pressure between the two stages is 

P x = ^l\P 2 = 7(100 kPa)(625 kPa) = 250 kPa 

The compressor work across each stage is the same, thus total 
compressor work is twice the compression work for a single 
stage: 


w 


,i„ = (2 )Fcomp,in,I ) = 2 J^[ (( P * / P 1 f " lV " 

. (l.4)(0.287 kJ/kg ^^00 K) " 


-1 


1.4-1 


250 kPa 
100 kPa 


0.4/1. 4 A 

-1 


J 


= 180.4 kJ/kg 


and 


100 kPa 625 kPa 

27°C 



W in =rhw compin = (0. 1 5 kg/s )(l 80.4 kJ/kg) = 27.1 kW 


The work input to a single-stage compressor operating between the same pressure limits would be 


w 


comp, in 




-1 = 


(l .4X0.287 kJ/kg *K)(3 00 K) 


1.4-1 


625 kPa 
100 kPa 


A 0.4/1. 4 ^ 

-1 


= 207.4 kJ/kg 


and 


W in = '»»' comp , in = (0-15 kg/s)(207.4 kJ/kg)= 31 .1 kW 

Discussion Note that the power consumption of the compressor decreases significantly by using 2-stage compression with 
intercooling. 
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7-201 Steam expands in a two-stage adiabatic turbine from a specified state to specified pressure. Some steam is extracted 
at the end of the first stage. The power output of the turbine is to be determined for the cases of 100% and 88% isentropic 
efficiencies. 


Assumptions 1 This is a steady-flow process since there is no 
change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The turbine is adiabatic and thus heat transfer is 
negligible. 

Properties From the steam tables (Tables A-4 through 6) 


P x =6 MPa 
T x = 500°C 
P 2 = 1.2 MPa 
s 2 = s x 

P 3 = 20 kPa 

*^3 = *^1 


h x = 3423.1 kJ/kg 
s x =6.8826 kJ/kg -K 

h 2 = 2962.8 kJ/kg 


*3 = 


s 3 -s f 6.8826-0.8320 


fg 


7.0752 


= 0.8552 


6 MPa 
500°C 



h 3 = h f + x 3 h f =251. 42 + (0.8552)(2357.5)= 2267.5 kJ/kg 


Analysis ( a ) The mass flow rate through the second stage is 
m 3 = 0.9 rh x = (0.9)(l5 kg/s) = 13.5 kg/s 


We take the entire turbine, including the connection part between the two stages, as the system, which is a control volume 
since mass crosses the boundary. Noting that one fluid stream enters the turbine and two fluid streams leave, the energy 
balance for this steady-flow system can be expressed in the rate form as 

17 _ *7 _ a p (steady) _ /-, 

Mn ^out “ system — u 

' ' v V ' 

Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 


mJh = + Wout + "h h 3 

Wout = m\h\ - (»h - lh i) ,l 2 - »hh 

— m x (h x —h 2 ) + m 3 (h 2 - h 3 ) 

Substituting, the power output of the turbine is 

W out = (15 kg/s)(3423.1-2962.8)kJ/kg + (l3.5 kgX2962.8-2267.5)kJ/kg = 16,291 kW 
(b) If the turbine has an isentropic efficiency of 88%, then the power output becomes 
w a = r/ T W s = (0.88X16,291 kW) = 14,336 kW 
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7-202 Steam expands in an 84% efficient two-stage adiabatic turbine from a specified state to a specified pressure. Steam is 
reheated between the stages. For a given power output, the mass flow rate of steam through the turbine is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The turbine is adiabatic and thus heat transfer is negligible. 


Properties From the steam tables (Tables A-4 through 6) 


P x = 8 MPa 
T x = 550°C 


P 2s = 2 MPa 

^ 2.9 ~ ^1 


h x = 3521.8 kJ/kg 
5! = 6.8800 kJ/kg • K 

h 2s = 3089.7 kJ/kg 


P 3 = 2 MPa 
T 3 = 550°C 

P 4s = 200 kPa 

S 4s = s 3 


h 3 =3579.0 kJ/kg 
s 3 = 7.5725 kJ/kg • K 


h 4s =2901.7 kJ/kg 


Heat 



Analysis The power output of the actual turbine is given to be 80 MW. Then the power output for the isentropic operation 
becomes 

W s , out = W a out Irir = (80,000 kW)/0.84 = 95,240 kW 

We take the entire turbine, excluding the reheat section, as the system, which is a control volume since mass crosses the 
boundary. The energy balance for this steady-flow system in isentropic operation can be expressed in the rate form as 

p _ i 7 _ a p ^0 (steady) _ ^ 

-^in ^out ^'system ^ 

' ' ' V ' 

Rate of net energy transfer R a t e of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in “ ^out 

mh x +mh 3 = mh 2s + mh 4s +W S;0ut 
Acmt = m l(h t ~ h 2s ) + (h 3 - h 4s )] 

Substituting, 

95,240 kJ/s = m[(3521.8 - 3089.7)kJ/kg + (3579.0 - 2901.7)kJ/kg] 

which gives 

m = 85.8 kg/s 
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7-203 Refrigerant- 13 4a is compressed by a 1.3-kW adiabatic compressor from a specified state to another specified state. 
The isentropic efficiency, the volume flow rate at the inlet, and the maximum flow rate at the compressor inlet are to be 
determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 

Properties From the R-134a tables (Tables A-l 1 through A- 13) 

3 


P x = 100 kPa 
T x = -20°C 

P 2 = 800 kPa 
T 2 = 60°C 


P 2 = 800 kPa 

S 2s = s l 


v x = 0.19841 m%kg 
h { = 239.50 kJ/kg 
s x = 0.9721 kJ/kg -K 

h 2 =296.81 kJ/kg 
h 2s =284.07 kJ/kg 



Analysis (a) The isentropic efficiency is determined from its definition, 

284.07-239.50 


Pc = 


h 2 s ~ h \ 
h 2 a ~ h l 


296.81-239.50 


= 0.778=77.8% 


(b) There is only one inlet and one exit, and thus m x = = m . We take the actual compressor as the system, which is a 

control volume. The energy balance for this steady-flow system can be expressed as 

<P0 (steady) 


^in ^out 


A E, 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in ~ ^out 

Wa,in + = ^2 (since Q = Ake = Ape = 0) 

^a,in =m(*2-*i) 

Then the mass and volume flow rates of the refrigerant are determined to be 

1.3 kJ/s 


m = 


W 

rr a, in 


h 2a - h x (296.81 - 239.50)kJ/kg 


= 0.02269 kg/s 



t/j = mi/j = (0.02269 kg/s)(0. 1 984 1 m 3 /kg)= 0.004502 m 3 /s = 270 L/min 


(c) The volume flow rate will be a maximum when the process is isentropic, and it is determined similarly from the steady- 
flow energy equation applied to the isentropic process. It gives 


m 


W 

,r s,in 


1.3 kJ/s 


max 


h 2s - h x (284.07 - 239.50)kJ/kg 


= 0.02917 kg/s 


l/i max ='»max v i = (0.02917 kg/s )(0. 1 9 84 1 m 3 /kgj= 0.005788 m 3 /s = 347 L/min 


Discussion Note that the raising the isentropic efficiency of the compressor to 100% would increase the volumetric flow 
rate by more than 25%. 
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7-204 An adiabatic compressor is powered by a direct-coupled steam turbine, which also drives a generator. The net 
power delivered to the generator and the rate of entropy generation are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The devices are adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with variable specific heats. 

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-l). From the steam tables (Tables A-4 through 6) and air 
table (Table A- 17), 


T x = 295 K 
T 2 = 620 K 


■» l\ = 295.17 kJ/kg, si = 1.68515 kJ/kg-K 


■» h x = 628.07 kJ/kg, s° 2 = 2.44356 kJ/kg • K 


P 3 = 12.5 MPa 

h 3 = 3343.6 kJ/kg 

Air 


P 3 = 500°C 

s 3 = 6.4651 kJ/kg-K 

comp 



P 4 = 10 kPa 
x A = 0.92 


h 4 = h f +x 4 h fg = 191.81 + (0.92X2392.1) = 2392.5 kJ/kg 
s 4 = s f + x 4 s fg = 0.6492 + (0.92X7.4996) = 7.5489 kJ/kg • K 


1 MPa 
620 K 


12.5 MPa 
500°C 


Analysis There is only one inlet and one exit for either device, and thus 
m m = rh out = rh . We take either the turbine or the compressor as the system, 

which is a control volume since mass crosses the boundary. The energy balance 
for either steady-flow system can be expressed in the rate form as 


98 kPa 
295 K 



lOkPa 


E\n ^out 

V ; 

v 

Rate of net energy transfer 
by heat, work, and mass 


A E 


<P0 (steady) 


system 


- 0 -> E in - E out 


Rate of change in internal, kinetic, 
potential, etc. energies 


For the turbine and the compressor it becomes 

Compressor: W comp in + rh ak h x = m ak h 2 -> W comPfin - m air (h 2 - h x ) 

Turbine. ^steam ^3 — ^turb , out team ^4 ^ ^turb, out ^fsteam (^3 ^4 ) 

Substituting, 

^com P ,i„ = (10 kg/sX628.07 -295.1 7)kJ/kg = 3329 kW 
Wturb.out = ( 25 kg/s)(3343.6-2392.5)kJ/kg = 23,777 kW 


Therefore, 

O^net, out =^turb,out “ ^comp.tn =23,777-3329=20,448 kW 

Noting that the system is adiabatic, the total rate of entropy change (or generation) during this process is the sum of the 
entropy changes of both fluids, 

Sgen = '”air(*2 “ *l) + '»steam( s 4 “ * 3 ) 


where 


P 


m^(s 2 -s x )=m s 2 -s° x -R\n-E = (l0 kg/s I 2.44356 -1.685 15- 0.2871n 


P 


i 2 




1000 kPa 
98 kPa 




kJ/kg-K = 0.92 kW/K 


m steam (s 4 - « 3 )= (25 kg/s)(7.5489 - 6.465 l)kJ/kg • K = 27.1 kW/K 
Substituting, the total rate of entropy generation is determined to be 

^gen, total = ^gen.comp + ^gen.turb = °- 92 + 22 .1 = 28.02 kW/K 
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7-205 mttm Problem 7-204 is reconsidered. The isentropic efficiencies for the compressor and turbine are to be 
determined, and then the effect of varying the compressor efficiency over the range 0.6 to 0.8 and the turbine efficiency 
over the range 0.7 to 0.95 on the net work for the cycle and the entropy generated for the process is to be investigated. The 
net work is to be plotted as a function of the compressor efficiency for turbine efficiencies of 0.7, 0.8, and 0.9. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Input Data" 

m_dot_air =10 [kg/s] "air compressor (air) data" 

T_air[1]=(295-273) "[C]" "We will input temperature in C" 

P_air[1]=98 [kPa] 

T_air[2]=(700-273) "[C]" 

P_air[2]=1000 [kPa] 

m_dot_st=25 [kg/s] "steam turbine (st) data" 

T_st[1]=500 [C] 

P_st[1]= 12500 [kPa] 

P_st[2]=10 [kPa] 
x_st[2]=0.92 "quality" 

"Compressor Analysis:" 

"Conservation of mass for the compressor m_dot_air_in = m_dot_air_out =m_dot_air" 
"Conservation of energy for the compressor is:" 

Edotcompin - Edotcompout = D E LT A Ed otco m p 
DELTAE_dot_comp = 0 "Steady flow requirement" 

E_dot_comp_in=m_dot_air*(enthalpy(air,T=T_air[1])) + W_dot_comp_in 
E_dot_comp_out=m_dot_air*(enthalpy(air,T=T_air[2])) 

"Compressor adiabatic efficiency:" 

Eta_comp=W_dot_comp_in_isen/W_dot_compJn 

W_dot_comp_inJsen=m_dot_air*(enthalpy(air J T=T_airJsen[2])-enthalpy(air,T=T_air[1])) 

s_air[1]=entropy(air,T=T_air[1],P=P_air[1]) 

s_air[2]=entropy(air,T=T_air[2],P=P_air[2]) 

s_air_isen[2]=entropy(air, T=T_air_isen[2],P=P_air[2]) 

s_air_isen[2]=s_air[1] 

"Turbine Analysis:" 

"Conservation of mass for the turbine m_dot_st_in = m_dot_st_out =m_dot_st" 
"Conservation of energy for the turbine is:" 

E_dot_turb_in - E_dot_turb_out = DELTAE_dot_turb 
DELTAE_dot_turb = 0 "Steady flow requirement" 

E_dot_turb Jn=m_dot_st*h_st[1 ] 
h_st[1 ]=enthalpy(steam,T =T_st[1], P=P_st[1 ]) 
E_dot_turb_out=m_dot_st*h_st[2]+W_dot_turb_out 
h_st[2] =entha I py (stea m , P= P_st[2] , x=x_st[2] ) 

"Turbine adiabatic efficiency:" 

Eta_turb=W_dot_turb_out/W_dot_turb_out_isen 
W_dot_turb_out_isen=m_dot_st*(h_st[1]-h_stJsen[2]) 
s_st[1]=entropy(steam,T=T_st[1],P=P_st[1]) 
h_stjsen[2]=enthalpy(steam, P=P_st[2],s=s_st[1]) 

"Note: When Eta _turb is specified as an independent variable in 
the Parametric Table, the iteration process may put the steam state 2 in the 
superheat region, where the quality is undefined. Thus, s_st[2], T_st[2] are 
calculated at P_st[2], h_st[2] and not P_st[2] and x_st[2]" 
s_st[2]=entropy(steam,P=P_st[2],h=h_st[2]) 

T_st[2]=temperature(steam,P=P_st[2], h=h_st[2]) 
s_st_isen[2]=s_st[1 ] 

"Net work done by the process:" 

Wd ot_n et= W_d otju rbout-Wd otco m pi n 
"Entropy generation:" 

"Since both the compressor and turbine are adiabatic, and thus there is no heat transfer 
to the surroundings, the entropy generation for the two steady flow devices becomes:" 
S_dot_gen_comp=m_dot_air*( s_air[2]-s_air[1]) 
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S_dot_gen_turb=m_dot_st*(s_st[2]-s_st[1]) 

Sd ot_g e n_tota I = S_d ot_g en_comp+S_d ot_g e n_t u r b 

"To generate the data for Plot Window 1 , Comment out the line ' T_air[2]=(700-273) C' 
and select values for Eta_comp in the Parmetric Table, then press F3 to solve the table. 
EES then solves for the unknown value of T_air[2] for each Eta_comp." 

"To generate the data for Plot Window 2, Comment out the two lines ' x_st[2]=0.92 quality ' 
and ' h_st[2]=enthalpy(steam,P=P_st[2], x=x_st[2]) ' and select values for Eta_turb in the 
Parmetric Table, then press F3 to solve the table. EES then solves for the h_st[2] for each 
Eta turb." 


W net 

[kWl 

Sgentotal 

[kW/K] 

T|turb 

hcomp 

20124 

27.59 

0.75 

0.6665 

21745 

22.51 

0.8 

0.6665 

23365 

17.44 

0.85 

0.6665 

24985 

12.36 

0.9 

0.6665 

26606 

7.281 

0.95 

0.6665 


w net 

[kW] 

Sgentotal 

[kW/K] 

T|turb 

Tjcomp 

19105 

30 

0.7327 

0.6 

19462 

29.51 

0.7327 

0.65 

19768 

29.07 

0.7327 

0.7 

20033 

28.67 

0.7327 

0.75 

20265 

28.32 

0.7327 

0.8 


Effect of Compressor Efficiency on Net Work and Entropy Generated 




Effect of Turbine Efficiency on Net Work and Entropy Generated 



30 


25 

S’ 

20 




15 

o 

•*-> 

10 

c 

o 

U) 

•(f) 


5 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


7-160 


7-206 The pressure in a hot water tank rises to 2 MPa, and the tank explodes. The explosion energy of the water is to be 
determined, and expressed in terms of its TNT equivalence. 

Assumptions 1 The expansion process during explosion is isentropic. 2 Kinetic and potential energy changes are negligible. 
3 Heat transfer with the surroundings during explosion is negligible. 

Properties The explosion energy of TNT is 3250 kJ/kg. From the steam tables (Tables A-4 through 6) 


P { = 2 MPa 
sat. liquid 


v i = v /@ 2 MPa = 0.001177 mVkg 
u \ - 11 f @2 MPa = 906.12 kJ/kg 
s \ - s f(a)2 MPa ~ 2.4467 kJ/kg • K 


P 2 = 100kPal U f =417.40, u fg =2088.2 kJ/kg 
s 2 = S\ J Sf = 1.3028, Sf g = 6.0562 kJ/kg -K 


Water 
Tank 
2 MPa 


*2 = 


^2 S f 


2.4467-1.3028 

6.0562 


= 0.1889 


u 2 = u f +x 2 u fg = 417.40 + (0.1889X2088.2) = 811.83 kJ/kg 

Analysis We idealize the water tank as a closed system that undergoes a reversible adiabatic process with negligible 
changes in kinetic and potential energies. The work done during this idealized process represents the explosive energy of 
the tank, and is determined from the closed system energy balance to be 


where 


^in ^out 


'system 


Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

- Wb.out = A U = m(u 2 -Ui) 

£ exp =W b,out =m(u l -u 2 ) 


V 0.080 m J 

m = — = = 67.99 kg 

V\ 0.001 177 m 3 /kg 

Substituting, 

E exp = (67.99 kg)(906.12 - 81 1 ,83)kJ/kg = 6410 kJ 
which is equivalent to 


6410 kJ 
3250 kJ/kg 


= 1.972 kg TNT 
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7-207 A 0.35-L canned drink explodes at a pressure of 1.2 MPa. The explosive energy of the drink is to be determined, and 
expressed in terms of its TNT equivalence. 

Assumptions 1 The expansion process during explosion is isentropic. 2 Kinetic and potential energy changes are negligible. 
3 Heat transfer with the surroundings during explosion is negligible. 4 The drink can be treated as pure water. 

Properties The explosion energy of TNT is 3250 kJ/kg. From the steam tables (Tables A-4 through 6) 


P { = 1.2 MPa 
Comp, liquid 


- u \ =v /@i.2MPa = 0.001138 m 3 /kg 
' u i = u f@\2 MPa = 796.96 kJ/kg 
s \ = s f@\.i MPa = 2.2159 kJ/kg • K 


P 2 = 100 kPal u f = 417.40, u fg = 2088.2 kJ/kg 
^ Sf = 1 .3028, Sf g = 6.0562 kJ/kg • K 


x 2 


S 22IL = 2 - 2159 - 1.3028 =0 15Q8 
s fg 6.0562 


u 2 =u f +x 2 u fg = 417.40 + (0.1508X2088.2) = 732.26 kJ/kg 



COLA 
1.2 MPa 



Analysis We idealize the canned drink as a closed system that undergoes a reversible adiabatic process with negligible 
changes in kinetic and potential energies. The work done during this idealized process represents the explosive energy of 
the can, and is determined from the closed system energy balance to be 

^in — ut — A^system 

v V J , *“ V J 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

-Wb.out = At/ = m(u 2 -Mj) 


£ exp = W b,out =m{u l -u 2 ) 


where 


{/ 0.00035 m 


m = 


= 0.3074 kg 


V\ 0.001 138 m J /kg 

Substituting, 

E exp = (0.3074 kgX796.96 - 732.26)kJ/kg = 19.9 kj 

which is equivalent to 

19.9 kJ 


m 


TNT 


3250 kJ/kg 


= 0.00612 kg TNT 
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7-208 Air is expanded by an adiabatic turbine with an isentropic efficiency of 85%. The outlet temperature and the work 
produced are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at the anticipated average temperature of 400 
K are c p = 1.013 kJ/kg-°C and k = 1.395 (Table A-2a). 

Analysis We take the turbine as the system, which is a control volume since 
mass crosses the boundary. Noting that one fluid stream enters and leaves the 
turbine, the energy balance for this steady-flow system can be expressed in 
the rate form as 


^in ^out 

v. J 

V 

Rate of net energy transfer 
by heat, work, and mass 


\p <P 0 (steady) 

ZA - C ' system 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 



mh x = W aout + rhh 2 (since Q = Ake = Ape = 0) 


Aout = “ k 2 )= ,ilC P + “ T 2 ) 


The isentropic exit temperature is 


T 2s = T x 


r p )/k 


j 


= (300 + 273 K) 


200 kPa 
2200 kPa 


0.395/1.395 


= 290.6 K 


P, =2.2 MPa 
T x = 300°C 




From the definition of the isentropic efficiency, 


w «,out =r lT w s,out = 1t c -T 2s 

The actual exit temperature is then 

>Vout =c p (T l -T 2a ) >T 2a = 


) = (0.85)(1 .013 kJ/kg • K)(573 - 290.6)K = 243.2 kJ/kg 


7\ - Wfl,out = T x - VVfl -° ut = 573 K - 243,2 kJ/kg = 333 K 


c 


p 


c 


p 


1.013 kJ/kg -K 
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7-209 Air is expanded by an adiabatic turbine with an isentropic efficiency of 85%. The outlet temperature, the work 
produced, and the entropy generation are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at the anticipated average temperature of 400 
K are c p = 1.013 kJ/kg-°C and k = 1.395 (Table A-2b). Also, R = 0.287 
kJ/kg-K (Table A-2a). 

Analysis We take the turbine as the system, which is a control volume since 
mass crosses the boundary. Noting that one fluid stream enters and leaves the 
turbine, the energy balance for this steady-flow system can be expressed in 
the rate form as 


Pi =22 MPa 
T\ = 300°C 


^in ^out 


= A E 


<P0 (steady) 


system 


-0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

mh x = W aout + mh 2 (since Q = Ake = Ape = 0) 

<out = Mh\ - h 2 )= ™ C P ( T \ - T 2 ) 

The isentropic exit temperature is 



T 2 s = 




2 s 


v V 5 ! ; 


(k-\)/k 


= (300 + 273 K) 


200 kPa 


A 


0.395/1.395 


= 290.6 K 


2200 kPa 

From the definition of the isentropic efficiency, 

>Vou, = r fr w s,out = IrCpiT, - T 2s ) = (0.90)(1.013 kJ/kg • K)(573 - 290.6)K = 257.5 kJ/kg 
The actual exit temperature is then 



w 


a, out 


= C n(T\ ~T 2a ) 


v r~r _ rj- W a, out _ , r w 
* 1 2a ~ 1 1 ~ 7 1 “ 


a,out_ _ ^ _ 257.5 kJ/kg 


c 


p 


c 


p 


1.013 kJ/kg-K 


318.8 K 


The rate of entropy generation in the turbine is determined by applying the rate form of the entropy balance on the turbine: 


e _ e 
° in ° out 


+ 


gen 


= AS 


<P0 (steady) 


system 


Rate of net entropy transfer Rate of entropy 
by heat and mass generation 


Rate of change 
of entropy 


m l s l - m 2 s 2 + S aen = 0 (since Q = 0) 


gen 

f 

gen 


S nem =m(s 2 -s { ) 


lV gen ~ S 2 S \ 


Then, from the entropy change relation of an ideal gas, 


’gen 


T P 

= s 2 - Si = c n \n — -R\n — 
p T x P x 

= (1.013 kJ/kg • K)ln 318 ' 8K - (0.287 kJ/kg • K)ln 2 °° kPa 


573 K 


2200 kPa 


= 0.0944 kJ/kg K 
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7-210 A throotle valve is placed in the steam line of an adiabatic turbine. The work output is to be determined with and 
without throttle valve cases. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 

Analysis There is only one inlet and one exit, and thus m x = m 2 = m . We take the ^ MPa 

actual turbine as the system, which is a control volume since mass crosses the 
boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 

77 _ 77 _ a 77 <^0 (steady) _ q 

^in ^ out — system — u 

V V ' V V ' 

Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

mh x = W a out + mh 2 (since Q = Ake = Ape = 0) 70 kPa 

^ont =rh(h l -h 2 ) 

When the valve is fully open, from the steam tables (Tables A-4 through A-6), 

P x =6 MPa 1 h x =3178.3 kJ/kg 
T x = 400°C J s x =6.5432 kJ/kg -K 

P 2 =70kPa 1 x 3 =0.8511 

s 3 = s x = 6.5432 kJ/kg • K h 3 = 23 19.6 kJ/kg 

Then, 

w out = h x -h 3 =3 178.3 -23 19.6 = 858.6 kJ/kg 

The flow through the throttle valve is isenthalpic (constant entahlpy). When the valve is partially closed, from the steam 
tables (Tables A-4 through A-6), 

P 2 = 3 MPa 

2 }s 2 =6.8427 kJ/kg -K 

h 2 =h x =3 178.3 kJ/kg 

P 3 =70kPa 1 x 3 =0.8988 

s 3 = = 6.8427 kJ/kg • Kj h 3 = 2428.4 kJ/kg 

Then, 

w out =h 2 -h 3 =3178.3-2428.4 = 749.9 kJ/kg 



400°C 
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7-211 Oxygen tanks are filled by an isentropic compressor. The work required by the compressor and the heat transfer from 
the tanksa re to be determined. 

Assumptions 1 Changes in the kinetic and potential energies are negligible. 4 Oxygen is an ideal gas with constant specific 
heats. 

Properties The properties of oxygen at room temperature are R = 0.2598 kPa-m 3 /kg-K, c p = 0.918 kJ/kg-K, c v = 0.658 
kJ/kg-K, k= 1.395 (Table A-2a). 

Analysis As the tank is being filled, the pressure in the tank increases as time passes, but the temperature does not. In the 
line between the compressor and tank, the pressure always matches that in the compressor, and as a result, the temperature 
changes in this line with time. Applying the isentropic process relations to the compressor yields the temperature in this line 
as 


T 2 =T x 




\ p \ J 


{k-X)!k 


Reducing the mass balance to the conditions of the tank gives 
dm. 


cv 


dt 


= m 


in 


but 


m — 

" L cv 


Pi/ 

RT 


Combining these two results produces 
d(PV /RT) i/ dP 


m m = 


dt 


RT dt 


where the last step incorporates the fact that the tank volume and temperature do not change as time passes. The mass in the 
tank at the end of the compression is 


m 


^final^ 


(13,000 kPa)(l m 3 ) 


final 


RT (0.2598 kPa-m 3 /kg-K)(293K) 
Adapting the first law to the tank produces 


= 170.8 kg 


• d(mu) . . dm 

Q = — m m h m = c v T - c „Tnm„ 

dt dt 


p 1 2 m m 


r dm 


r P^ 


(k-\)/k 


{/ dP 
RT dt 


Integrating this result from the beginning of the compression to the end of compression yields 


/ 


Gin =c v T^dm-c p T { 


r 1 \(*-i Vk 


{/ 

RT 


P 


(k-l)/k 


dP 


- c v Tm f -c p T x 


- c v Tm f -c p Ti 


r x n(*-i Vk 


V ( k N 




f n \ 


RT 


2k -l 


p (*-!)/* p 


p 


f 




(k-\)/k 


2k -l 


m 


f 


= (0.65 8)(293)(1 70. 8) - (0.9 1 8)(293) 

= -93,720 kJ 


^ 13 , 000 ^ °‘ 395 71 395 r 

150 


1.395 


2(1.395) -1 


(170.8) 
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The negative sign indicates that heat is lost from the tank. Adopting the first law to the compressor and tank as the system 
gives 


• • d(mu) . 

Gin + Win = — m in h in 

at 


Recognizing that the enthalpy of the oxygen entering the compressor remains constant, this results integrates to 
Gin +W in = m f u f - h x m f 


w in =-Gin -m f h x +m f u f 
~ — Gin ~ m f(CpT 1 -c v Tf) 

= — Gin ~ m f( c p ~C V )T 

= 93,720 - (170.8)(0.918 - 0.658) x 293 

= 80,71 OkJ 
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7-212 Two rigid tanks that contain water at different states are connected by a valve. The valve is opened and steam flows 
from tank A to tank B until the pressure in tank A drops to a specified value. Tank B loses heat to the surroundings. The 
final temperature in each tank and the entropy generated during this process are to be determined. 

Assumptions 1 Tank A is insulated, and thus heat transfer is negligible. 2 The water that remains in tank A undergoes a 
reversible adiabatic process. 3 The thermal energy stored in the tanks themselves is negligible. 4 The system is stationary 
and thus kinetic and potential energy changes are negligible. 5 There are no work interactions. 

Analysis (a) The steam in tank A undergoes a reversible, adiabatic process, and thus S 2 = S\. From the steam tables (Tables 
A-4 through A-6), 

Tank A: 


P x = 400 kPa 
x x = 0.6 


^1,A 
>u \ ,A 
s \ ,A 


= v f + x x v fg = 0.001084 + (0.6)(0. 46242 - 0.001084) = 0.27788 m 3 /kg 
= u f + x x u fg = 604.22 + (0.6)(1 948.9)= 1773.6 kJ/kg 
= s f +x x s fg = 1.7765 + (0.6)(5.119l)= 4.8479 kJ/kg-K 


P x = 200 kPa 


S o — S-\ 


(sat. mixture) 


^2, A ~ ^sat@200 kPa -120.2°C 

x 2A =^ZV= 4 - 8479 - L53 ° 2 =0.5928 
s fg 5.59680 

v 2yA =v f +x 2yA v fg = 0.001061 + (0.5928X0.8858-0.00106l)= 0.52552 m 3 /kg 
“ 2 , a =u f + x 2yA u fg = 504.50 + (0.5928)(2024.6 kJ/kg) = 1704.7 kJ/kg 


Tank B: 


P x = 200 kPa 
T x = 250°C 


' ,B 

> U \ ,B 
S \,B 


= 1.1989 m 3 /kg 
= 273 1.4 kJ/kg 
= 7.7100 kJ/kg-K 


The initial and the final masses in tank A are 


and 


V A _ 0.3 m 3 

V \,A 0.27788 m 3 /kg 

V A _ 0.3 m 3 

U 2,A 0.52552 m 3 /kg 


1.080 kg 
0.5709 kg 


300 kJ 



Thus, 1.080 - 0.5709 = 0.5091 kg of mass flows into tank B. Then, 
m 2 B - m X B +0.5091 = 2 + 0.5091 = 2.509 kg 


The final specific volume of steam in tank B is determined from 


= = (- kg)(l . ‘989 m 3 /kg) = a9JJg mJ/kg 

m 2 B m 2,B 2.509 kg 


We take the entire contents of both tanks as the system, which is a closed system. The energy balance for this stationary 
closed system can be expressed as 


^in -^out 

V 

Net energy transfer 
by heat, work, and mass 


A F 

system 

s. J 

V 

Change in internal, kinetic, 
potential, etc. energies 


-<2 0Ut = A U = (A U) A +(A U) B (since W = KE = PE = 0) 
-Gout = (m 2 u 2 -m x u ] ) A +(m 2 u 2 -m x u x ) B 


Substituting, 

-300 = {(0.5709X1704.7)- (l.080)(l 773. 6)}+{(2.509)M 2 ij - (2)(273 1 .4)} 

u 2 H =2433.3 kJ/kg 
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Thus, 

v 2B =0.9558 m 3 /kgj r 2B =116.1°C 
u 2B = 2433.3 kJ/kg j s 2 ,b = 6.9156 kJ/kg • K 

(b) The total entropy generation during this process is determined by applying the entropy balance on an extended system 
that includes both tanks and their immediate surroundings so that the boundary temperature of the extended system is the 
temperature of the surroundings at all times. It gives 

e_e _i_ e — a S’ 

yin u out ' u gen ^ system 

Net entropy transfer Entropy Change 

by heat and mass generation in entropy 

~f^+S scn = AS A + A5' b 

1 b,surr 


Rearranging and substituting, the total entropy generated during this process is determined to be 
Sgen = AS a +AS b +y^- = (m 2 s 2 -m l s l ) A +{m 2 s 2 -m x s x ) B +-^~ 

* b,surr b,surr 

= {(0.5709)(4.8479)-(l.080)(4.8479)}+{(2.509X6.9156)-(2X7.7100)}+^^- 

290 1 ^- 

= 0.498 kJ/K 
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7-213 Heat is transferred steadily to boiling water in a pan through its bottom. The rate of entropy generation within the 
bottom plate is to be determined. 

Assumptions Steady operating conditions exist since the surface temperatures of the pan remain constant at the specified 
values. 


Analysis We take the bottom of the pan to be the system, 

which is a closed system. Under steady conditions, the rate form of the 
entropy balance for this system can be expressed as 



Rate of net entropy transfer Rate of entropy 
by heat and mass generation 


AS 


<?o 


system 


Rate of change 
of entropy 


= 0 



^b,in 

500 W 
378 K 


Q 


out 


T 

1 b,out 

500 W 


+ s 


377 K 


-f S 


gen, system 


gen, system 


0 

0 -> ^ gen, system = 0.00351 W/K 



Discussion Note that there is a small temperature drop across the bottom of the pan, and thus a small amount of entropy 
generation. 


7-214 An electric resistance heater is immersed in water. The time it will take for the electric heater to raise the water 
temperature to a specified temperature and the entropy generated during this process are to be determined. 


Assumptions 1 Water is an incompressible substance with constant specific heats. 2 The energy stored in the container 
itself and the heater is negligible. 3 Heat loss from the container is negligible. 

Properties The specific heat of water at room temperature is c = 4.18 kJ/kg-°C (Table A-3). 

Analysis Taking the water in the container as the system, which is a closed system, the energy balance can be expressed as 



v 

Net energy transfer 
by heat, work, and mass 


A F 

system 

v. J 

V 

Change in internal, kinetic, 
potential, etc. energies 


We,in= (Atwater 

W Cj|n Af = mc(T 2 -7V) w^r 


Substituting, 

(1200 J/s)At = (40 kg)(4180 J/kg-°C)(50 - 20)°C 
Solving for At gives 

At = 4180 s = 69.7 min = 1.16 h 



Again we take the water in the tank to be the system. Noting that no heat or mass crosses the boundaries of this system and 
the energy and entropy contents of the heater are negligible, the entropy balance for it can be expressed as 

c. _ c + c — ac 

y in out 1 gen system 

Net entropy transfer Entropy Change 
by heat and mass generation in entropy 

0 + S g en — AS water 


Therefore, the entropy generated during this process is 

T 323 K 

A gen =AS water =m C ln^ = (40kgX4.18kj/kg-K)ln^_ = 16.3kJ/K 
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7-215 The feedwater of a steam power plant is preheated using steam extracted from the turbine. The ratio of the mass flow 
rates of the extracted steam to the feedwater and entropy generation per unit mass of feedwater are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat loss from the device to the surroundings is negligible. 


Properties The properties of steam and feedwater are (Tables A-4 through A-6) 


P x = 1 MPa 
T x = 200°C 


P 2 = 1 MPa 
sat. liquid 


h x = 2828.3 kJ/kg 
s x = 6.6956 kJ/kg -K 


0 


^2 - ^/@ i MPa - 762.5 1 kJ/kg 


>So = s 


m i 


MPa =2. 1381 kJ/kg K 


T 2 = 179.88°C 


P 3 =2.5 MPa 
t 3 = 50°C 


^3 ~ ^ / @50°c = 709.3-4 kJ/kg 
^3 ~ ^/@50°C = 0-7038 kJ/kg • K 


P 4 =2.5 MPa 

T 4 =T 2 -10°C = 170°C 


A 4=* / @ 17 0-C =719 - 08 ^ 
^4 — ^/@i70°c =2.0417 kJ/kg -K 


Analysis (a) We take the heat exchanger as the system, which is a 
control volume. The mass and energy balances for this steady-flow 
system can be expressed in the rate form as follows: 

Mass balance (for each fluid stream): 

= Am 7,0 (steady) - 
Energy balance (for the heat exchanger): 



Feedwater 

2.5 

MPa 


m in - m out = ^system ' •" = 0-> m in = m out -> m x = m 2 = m s and m 3 = m 4 =m fw 


E[ n Eout 


a 77 *0 (steady) 

^■^system 


= 0 


Rate of net energy transfer R a t e of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

rh x h x + th 3 h 3 = m 2 h 2 + m 4 h 4 (since Q = W = Ake = Ape = 0) 
Combining the two, m s (h 2 ~h x ) = m^ v (h 3 - h 4 ) 

Dividing by nij w and substituting, 

h 4 -h 3 (719.08 -209.34) kJ/kg 


m 


m 


fw 


h x -h 2 (2828.3 -762.51) kJ/kg 


= 0.247 


( b ) The total entropy change (or entropy generation) during this process per unit mass of feedwater can be determined from 
an entropy balance expressed in the rate form as 


c _ c 

° in ° out 


+ 


gen 


-AS ^° - 0 

“ system “ u 


Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 

m x s x -m 2 s 2 + m 3 s 3 -m 4 s 4 + S = 0 
m s {s x ~s 2 ) + m fw {s 3 ~s 4 ) + S gen =0 

S 


gen 


m 


m fw m fw 


(s 2 - Sl )+ (s 4 - s 3 ) = (0.247X2.1381 - 6.6956)+ (2.0417 - 0.7038) 


= 0.213 kJ/K per kg of feedwater 
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7-216 Problem 7-215 is reconsidered. The effect of the state of the steam at the inlet to the feedwater heater is to be 

investigated. The entropy of the extraction steam is assumed to be constant at the value for 1 MPa, 200°C, and the 
extraction steam pressure is to be varied from 1 MPa to 100 kPa. Both the ratio of the mass flow rates of the extracted 
steam and the feedwater heater and the total entropy change for this process per unit mass of the feedwater are to be plotted 
as functions of the extraction pressure. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Knowns:" 

WorkFluid$ = 'Steamjapws' 

"P[3] = 1000 [kPa]" "place {} around P[3] and T[3] eqations to solve the table" 

T[3] = 200 [C] 

P[4] = P[3] 
x[4]=0 

T[4]=temperature(WorkFluid$,P=P[4],x=x[4]) 

P[1] = 2500 [kPa] 

T[1] = 50 [C] 

P[2] = 2500 [kPa] 

T[2] = T[4] - 10"[C]" 

"Since we don't know the mass flow rates and we want to determine the ratio of mass flow rate of the extracted 
steam and the feedwater, we can assume the mass flow rate of the feedwater is 1 kg/s without loss of generality. 
We write the conservation of energy." 

"Conservation of mass for the steam extracted from the turbine: " 
m_dot_steam[3]= m_dot_steam[4] 

"Conservation of mass for the condensate flowing through the feedwater heater:" 
mdotfw[1] = 1 
m_dot_fw[2]= mdotfw[1] 

"Conservation of Energy - SSSF energy balance for the feedwater heater - neglecting the change in potential 

energy, no heat transfer, no work:" 

h[3]=enthalpy(WorkFluid$,P=P[3],T=T[3]) 

"To solve the table, place {} around s[3] and remove them from the 2nd and 3rd equations" 
s[3]=entropy(WorkFluid$,P=P[3],T=T[3]) 

{s[3] =6.693 [kJ/kg-K] "This s[3] is for the initial T[3], P[3]" 

T[3]=temperature(WorkFluid$,P=P[3],s=s[3]) "Use this equation for T[3] only when s[3] is given."} 

h[4]=enthalpy(WorkFluid$,P=P[4],x=x[4]) 

s[4]=entropy(WorkFluid$,P=P[4],x=x[4]) 

h[1]=enthalpy(WorkFluid$,P=P[1],T=T[1]) 

s[1]=entropy(WorkFluid$,P=P[1],T=T[1]) 

h[2]=enthalpy(WorkFluid$,P=P[2],T=T[2]) 

s[2]=entropy(WorkFluid$,P=P[2],T=T[2]) 

"For the feedwater heater:" 

Edotjn = Edotout 

E_dot_in = m_dot_steam[3]*h[3] +m_dot_fw[1]*h[1] 

Edotout= m_dot_steam[4]*h[4] + m_dot_fw[2]*h[2] 
mratio = m dot steam[3]/ m dot fw[1] 

"Second Law analysis:" 

S_dot_in - S_dot_out + S_dot_gen = DELTAS_dot_sys 
D E LT AS_d ot_sy s = 0 "[KW/K]" "steady-flow result" 

S_dot_in = m_dot_steam[3]*s[3] +m_dot_fw[1]*s[1] 

Sdotout= m_dot_steam[4]*s[4] + m_dot_fw[2]*s[2] 

S_gen_PerUnitMassFWH = S_dot_gen/m_dot_fw[1]"[kJ/kg_fw-K]" 
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m ratio 

Sgen,PerllnitMass 

[kJ/kg-K] 

P 3 

fkPal 

0.2109 

0.1811 

732 

0.2148 

0.185 

760 

0.219 

0.189 

790 

0.223 

0.1929 

820 

0.227 

0.1968 

850 

0.2309 

0.2005 

880 

0.2347 

0.2042 

910 

0.2385 

0.2078 

940 

0.2422 

0.2114 

970 

0.2459 

0.2149 

1000 
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7-217E A rigid tank initially contains saturated R-134a vapor. The tank is connected to a supply line, and is charged until 
the tank contains saturated liquid at a specified pressure. The mass of R-134a that entered the tank, the heat transfer with 
the surroundings at 100°F, and the entropy generated during this process are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the tank (will be 
verified). 

Properties The properties of R- 134a are (Tables A-l 1 through A- 13) 


P x = 80 psia 
sat. vapor 

P 2 =120 psia 
sat. liquid 

Pj = 160 psia 
T, = 80°F 


(/, = i/ 


g@80 psia 


= 0.59750 ft /lbm 


u i = u n ^ oA„,; n = 103.35 Btu/lbm 


s, = s 


g @ 80 psia 

g@80 psia = 0.22040 Btu/lbm - R 


R-134a 


-> 


160 psia 
80°F 




=Vf@ 120 psia =0.01360 fir /lbm 


Ui = U 


f @120 psia 


= 41.49 Btu/lbm 


2 = s f@ 120 psia = 0.08589 Btu/lbm -R 


h t = h y @ 80 °F =38.17 Btu/lbm 



= 0.07934 Btu/lbm -R 


U - s f@ 80°F 

Analysis (a) We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, the mass and 
energy balances for this uniform-flow system can be expressed as 

Mass balance: m in - m ou t = Am sys tem — * 


m t = m 2 —m 


Energy balance : 


^in ^out 


A E 


system 


N et energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Q m = m 2 u 2 -m x u x (since W = ke = pe = 0) 

The initial and the final masses in the tank are 


{/ 


5 ft 


im — 


m 2 = 


^ 0.59750 ft 3 /lbm 


l 

V 

(A 


5 ft 


= 8.368 lbm 


= 367.58 lbm 


2 0.01360 ft /lbm 

Then from the mass balance, 

nij = m 2 - m x = 367.58 - 8.368 = 359.2 lbm 

(b) The heat transfer during this process is determined from the energy balance to be 

Qm =-m i h j +m 2 u 2 -m l u l 

= -(359.2 lbm)(38.17 Btu/lbm )+ (367.58 lbm)(41.49 Btu/lbm)- (8.368 lbm)(l03.35 Btu/lbm) 

= 673 Btu 

(c) The entropy generated during this process is determined by applying the entropy balance on an extended system that 
includes the tank and its immediate surroundings so that the boundary temperature of the extended system is the 
temperature of the surroundings at all times. The entropy balance for it can be expressed as 

Qh 


e . _ e i e _ ac 

u in u out ' u gen system 


Net entropy transfer Entropy Change 
by heat and mass generation in entropy 


^b,in 


^miSi+S gen = A5 tank =m 2 s 2 -m x s x 


Therefore, the total entropy generated during this process is 

Gin 


Sgen =-m i s i +(m 2 s 2 -m x s l ) 


^b,in 


= -(359.2X0.07934) + (367.58X0.08589)- (8.368)(0.22040) 1 = 0.0264 Btu/R 

560 R 
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7-218 The heating of a passive solar house at night is to be assisted by solar heated water. The length of time that the 
electric heating system would run that night and the amount of entropy generated that night are to be determined. 


Assumptions 1 Water is an incompressible substance with constant specific heats. 2 The energy stored in the glass 
containers themselves is negligible relative to the energy stored in water. 3 The house is maintained at 22°C at all times. 


Properties The density and specific heat of water at room temperature are p = 997 kg/m 3 and c = 4. 18 kJ/kg-°C (Table A- 

3). 


Analysis The total mass of water is 

m w = pV = (0.997 kg/L)(50 x 20 L) = 997 kg 


Taking the contents of the house, including the water as our system, 
the energy balance relation can be written as 


^in ^out 

V, J 

V 

Net energy transfer 
by heat, work, and mass 


A F 

system 

V, j 

V 

Change in internal, kinetic, 
potential, etc. energies 


^e,in-eout=Ai/ = (Af/) water+ (Ai/) ai: 


- (At/) water 
= mc(T 2 -7V) watcr 


50,000 kJ/h 



or, 

Ain At - Gout = [mc(T 2 - T { )] water 
Substituting, 

(15 kJ/s)Ar - (50,000 kJ/h)(10 h) = (997 kg)(4.18 kJ/kg-°C)(22 - 80)°C 

It gives 

A t= 17,219 s = 4.78 h 

We take the house as the system, which is a closed system. The entropy generated during this process is determined by 
applying the entropy balance on an extended system that includes the house and its immediate surroundings so that the 
boundary temperature of the extended system is the temperature of the surroundings at all times. The entropy balance for 
the extended system can be expressed as 

^in ~ ^out ^gen — ^ system 

Net entropy transfer Entropy Change 
by heat and mass generation in entropy 

__2out_ _|C _AC |AC<^°_AC 

T ^ ° gen — ^ water ^ air — water 
b,out 


since the state of air in the house remains unchanged. Then the entropy generated during the 10-h period that night is 


^gen water 


Q 


out 


r, 


r j \ 

me In- 


fo, out 


r, 


+ 


Q 


out 


1 J 


T 

water surr 


(c\c\n \ V/i ioi t/i j/- v 295 K 500,000 kJ 
= (997 kg)(4. 1 8 kJ/kg • K)ln — — + 

353 K 276 K 


= -748 + 1811 = 1063 kJ/K 
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7-219 A room is to be heated by hot water contained in a tank placed in the room. The minimum initial temperature of the 
water needed to meet the heating requirements of this room for a 24-h period and the entropy generated are to be 
determined. 

Assumptions 1 Water is an incompressible substance with constant specific heats. 2 Air is an ideal gas with constant 
specific heats. 3 The energy stored in the container itself is negligible relative to the energy stored in water. 4 The room is 
maintained at 20°C at all times. 5 The hot water is to meet the heating requirements of this room for a 24-h period. 

Properties The specific heat of water at room temperature is c = 4.18 kJ/kg-°C (Table A-3). 

Analysis Heat loss from the room during a 24-h period is 

Gloss = (10,000 kJ/h)(24 h) = 240,000 kJ 

Taking the contents of the room, including the water, as our system, the energy balance can be written as 
An^ou, = ^system “ Gout = ^ = (AU ) water + (A U )J° 

N et energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

10,000 kJ/h 
or 

-Gout = [mc(T 2 - '/'| ) | water 

Substituting, 

-240,000 kJ = (1500 kg)(4.18 kJ/kg-°C)(20 - T x ) 

It gives 

T x = 58.3°C 

where T x is the temperature of the water when it is first brought into 
the room. 



(b) We take the house as the system, which is a closed system. The entropy generated during this process is determined by 
applying the entropy balance on an extended system that includes the house and its immediate surroundings so that the 
boundary temperature of the extended system is the temperature of the surroundings at all times. The entropy balance for 
the extended system can be expressed as 


c _ s’ + <: — AV 

‘-'in ‘-'out 1 ‘-'gen ^‘-'system 

Net entropy transfer Entropy Change 
by heat and mass generation in entropy 

--^+S gen =AS watel + ASj° 

^b,out 


= AS 


water 


since the state of air in the house (and thus its entropy) remains unchanged. Then the entropy generated during the 24 h 
period becomes 


e - 

°gen 


^ water 


G, 


out 


Tx 


f 

me In- 


fo, out 


Tx 


+ 


G 


out 


1 J 


water 


T 


surr 


A caa i i o i T/i 293 K 240,000 kJ 

(1500 kgH4.18 kJ/kg • K)ln + 

331.3 K 278 K 


= -770.3 + 863.3 = 93.0 kJ/K 
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7-220 An insulated cylinder is divided into two parts. One side of the cylinder contains N 2 gas and the other side contains 
He gas at different states. The final equilibrium temperature in the cylinder and the entropy generated are to be determined 
for the cases of the piston being fixed and moving freely. 

Assumptions 1 Both N 2 and He are ideal gases with constant specific heats. 2 The energy stored in the container itself is 
negligible. 3 The cylinder is well-insulated and thus heat transfer is negligible. 

• *3 

Properties The gas constants and the constant volume specific heats are R = 0.2968 kPa.m /kg.K, c v = 0.743 kJ/kg-°C and 
c p =1.039 kJ/kg-°C for N 2 , and R = 2.0769 kPa.mVkg.K, c v = 3.1 156 kJ/kg-°C, and c p = 5.1926 kJ/kg-°C for He (Tables 
A- 1 and A-2) 


Analysis The mass of each gas in the cylinder is 


m No = 


m He = 




RT , 


/ j v, 


1 y n 2 
\ 


(250 kPa)(2 m 


0.2968 kPa -m 3 /kg -K 1373 K) 


(250 kPa)(lm 


RT X ) He (2.0769 kPa • m 3 /kg • K (298 K) 


4.516 kg 
0.4039 kg 


n 2 


He 

2 m 3 


1 m 3 

250 kPa 


250 kPa 

100°C 


25°C 


Taking the entire contents of the cylinder as our system, the 1st law relation can be written as 



v 

Net energy transfer 
by heat, work, and mass 


A F 

system 

y j 

v 

Change in internal, kinetic, 
potential, etc. energies 


0 = AU = (At/) N2 + (AU ) He >0 = [mcJT 2 -7])]^ + [mc v (T 2 - 71)] He 


Substituting, 


(4.516 kg)(0.743 kJ/kg • °cfr f - lOO^C + (0.4039 kg)(3.1156 kJ/kg • °cfr f - 25fc = 0 


It gives 

T f = 79.5°C 

where Tf is the final equilibrium temperature in the cylinder. 

The answer would be the same if the piston were not free to move since it would effect only pressure, and not the 
specific heats. 

(b) We take the entire cylinder as our system, which is a closed system. Noting that the cylinder is well-insulated and thus 
there is no heat transfer, the entropy balance for this closed system can be expressed as 

^in ~ ^out ^gen — ^^system 

Net entropy transfer Entropy Change 

by heat and mass generation in entropy 

0 + ^gen = ASn 2 + AS He 


But first we determine the final pressure in the cylinder: 


N total ~ AV + ^He _ 


V 


m 

M 


+ 


7n- 


V 


m 

M 


4.516 kg 0.4039 kg 


+ 


P 2 = 


He 28 kg/kmol 4 kg/kmol 
_ N total R u T _ (0.2623 kmol)(8.3 14 kPa • m 3 /kmol • k)(352.5 k) _ 


= 0.2623 kmol 


(/, 


= 256.3 kPa 


total 


3 m 


Then, 


A5 n = 


m 


r , t 7 , l\ 

c „ In — — 7? In — 


P 


r, 


p 


i j 


N- 


= (4.516 kg I (l .039 kJ/kg ■ K)ln ^ _ (0.2968 kJ/kg ■ K)ln 

373 K v 250 kPa 


= -0.2978 kJ/K 
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T P 

AS He = m c _ In — - R In — 

nc '-p P 

V M M7 He 

= (0.4039 kg I (5.1926 kJ/kg • K)ln 352,5 K - (2.0769 kJ/kg • K )l n 256 - 3 kPa 
v 298 K v 250 kPa 

= 0.3318 kJ/K 

=A5k, +A5 U =-0.2978 + 0.3318 = 0.0340 kJ/K 


If the piston were not free to move, we would still have T 2 = 352.5 K but the volume of each gas would remain constant in 
this case: 


T V 

AS XT = m c„ln — - R]n — 


352 5 K 

= (4.516 kg)(0.743 kJ/kg • K)ln : = -0.1893 kJ/K 

373 K 


A5 He =m cJn^-Rln^- 

1 \ V l 


352 5 K 

= (0.4039 kg)(3.1 156 kJ/kg • K>n = 0.21 15 kJ/K 

v A ' 298 K 


S gen = AS N2 +AS He = -0.1893 + 0.21 15 = 0.0223 kJ/K 
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7-221 



Problem 7-220 is reconsidered. The results for constant specific heats to those obtained using variable specific 


heats are to be compared using built-in EES or other functions. 

Analysis The problem is solved using EES, and the results are given below. 


"Knowns:" 

R u=8.314 [kJ/kmol-K] 

V_N2[1]=2 [m A 3] 

Cv_N2=0.743 [kJ/kg-K] "From Table A-2(a) at 27C" 

R N2=0.2968 [kJ/kg-K] "From Table A-2(a)" 

T_N2[1]=100 [C] 

P_N2[1]=250 [kPa] 

Cp_N2=R N2+Cv_N2 
V_He[1]=1 [m A 3] 

Cv He=3. 1 1 56 [kJ/kg-K] "From Table A-2(a) at 27C" 

T_He[1]=25 [C] 

P_He[1]=250 [kPa] 

R He=2.0769 [kJ/kg-K] "From Table A-2(a)" 

Cp_He=R_He+Cv_He 

"Solution:" 

"mass calculations:" 

P_N2[1]*V_N2[1]=m_N2*R_N2*(T_N2[1]+273) 

P_He[1]*V_He[1]=m_He*R_He*(T_He[1]+273) 

"The entire cylinder is considered to be a closed system, allowing the piston to move." 

"Conservation of Energy for the closed system:" 

"EJn - E_out = DELTAE, we neglect DELTA KE and DELTA PE for the cylinder." 

EJn - E__out = DELTAE 
EJn =0 [kJ] 

E out = 0 [kJ] 

"At the final equilibrium state, N2 and He will have a common temperature." 

DELTAE= m_N2*CvJ\l2*(T_2-TJ\l2[1])+m_He*Cv_He*(T_2-TJHe[1]) 

"Total volume of gases:" 

V_total=V_N2[1 ]+V_He[1 ] 

MM He = 4 [kg/kmol] 

MM_N2 = 28 [kg/kmol] 

Njotal = m_He/MM_He+m_N2/MIVI_N2 
"Final pressure at equilibrium:" 

"Allowing the piston to move, the pressure on both sides is the same, P_2 is:" 
P_2*Vjotal=N_total*R_u*(T_2+273) 

S_gen_PistonMoving = DELTAS_He_PM+DELTAS_N2_PM 

DELTAS_He_PM=m_He*(Cp_He*ln((T_2+273)/(T He[1]+273))-R_He*ln(P_2/P_He[1])) 

DELTAS N2_PM=m_N2*(Cp_N2*ln((T_2+273)/(T_N2[1]+273))-R_N2*ln(P_2/P_N2[1])) 

"The final temperature of the system when the piston does not move will be the same as when it does move. 

The volume of the gases remain constant and the entropy changes are given by:" 

S_gen_PistNotMoving = DELTAS_He_PNM+DELTAS_N2_PNM 
DELTAS JHeJ 3 NM=mJHe*(Cv_He*ln((T_2+273)/(T_He[1]+273))) 
DELTASJ42_PNM=mJ42*(CvJ\l2*ln((T_2+273)/(TJ\l2[1]+273))) 

"The following uses the EES functions for the nitrogen. Since helium is monatomic, we use the constant specific 
heat approach to find its property changes." 
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EJn - E_out = DELTAE_VP 

DELTAE_VP= m_N2*(INTENERGY(N2,T=T_2_VP)-INTENERGY(N2 J T=T_N2[1]))+m_He*Cv_He*(T_2_VP- 
T_He[1]) 


"Final Pressure for moving piston:" 

P_2_VP*V_total=N_total*R_u*(T_2_VP+273) 

S_gen_PistMoving_VP = DELTAS_He_PM_VP+DELTAS_N2_PM_VP 

DELTAS_N2_PM_VP=m_N2*(ENTROPY(N2,T=T_2_VP,P=P_2_VP)-ENTROPY(N2,T=T_N2[1],P=P_N2[1])) 

DELTAS_He_PM_VP=m_He*(Cp_He*ln((T_2+273)/(T_He[1]+273))-R_He*ln(P_2/P_He[1])) 


"Fianl N2 Pressure for piston not moving." 
P_2_N2_VP*V_N2[1]=m_N2*R_N2*(T_2_VP+273) 


S_gen_PistNotMoving_VP = DELTAS_He_PNM_VP+DELTAS_N2_PNM_VP 
DELTAS_N2_PNM_VP = m_N2*(ENTROPY(N2,T=T_2_VP,P=P_2_N2_VP)- 
ENTROPY(N2,T=T_N2[1],P=P_N2[1])) 

DELTAS_He_PNM_VP=m_He*(Cv_He*ln((T_2_VP+273)/(T_He[1]+273))) 


SOLUTION 


Cp_He=5.193 [kJ/kg-K] 

Cp_N2=1.04 [kJ/kg-K] 

Cv_He=3 .116 [kJ/kg-K] 

Cv_N2=0.743 [kJ/kg-K] 

DELTAE=0 [kJ] 

DELTAE_VP=0 [kJ] 
DELTAS_He_PM=0.33 1 8 [kJ/K] 
DELTAS_He_PM_VP=0.33 1 8 [kJ/K] 
DELTAS_He_PNM=0.21 15 [kJ/K] 
DELTAS_He_PNM_VP=0.21 16 [kJ/K] 
DELT AS_N 2_PM=-0 .298 [kJ/K] 
DELTAS_N2_PM_VP=-0.298 [kJ/K] 
DELTAS_N2_PNM=-0. 1893 [kJ/K] 
DELTAS_N2_PNM_VP=-0. 1 893 [kJ/K] 
E_in=0 [kJ] 

E_out=0 [kJ] 

MM_He=4 [kg/kmol] 

MM_N2=28 [kg/kmol] 


m_He=0.4039 [kg] 
m_N2=4.516 [kg] 

N_total=0.2623 [kmol] 

P_2=256.3 [kPa] 

P_2_N 2_ VP=2 36.3 [kPa] 

P_2_VP=256.3 [kPa] 

R_He=2.077 [kJ/kg-K] 

R_N2=0.2968 [kJ/kg-K] 

R_u=8.314 [kJ/kmol-K] 
S_gen_PistMoving_VP=0 .0338 [kJ/K] 
S_gen_PistNotMoving=0. 02226 [kJ/K] 
S_gen_PistNotMoving_VP=0 .02238 [k J/K] 
S_gen_PistonMoving=0. 03379 [kJ/K] 
T_2=79.54 [C] 

T_2_VP=79.58 [C] 

V_total=3 [m A 3] 
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7-222 An insulated cylinder is divided into two parts. One side of the cylinder contains N 2 gas and the other side contains 
He gas at different states. The final equilibrium temperature in the cylinder and the entropy generated are to be determined 
for the cases of the piston being fixed and moving freely. 

Assumptions 1 Both N 2 and He are ideal gases with constant specific heats. 2 The energy stored in the container itself, 
except the piston, is negligible. 3 The cylinder is well-insulated and thus heat transfer is negligible. 4 Initially, the piston is 
at the average temperature of the two gases. 

Properties The gas constants and the constant volume specific heats are R = 0.2968 kPa.m 7kg. K, c u = 0.743 kJ/kg-°C and 
c p =1.039 kJ/kg-°C for N 2 , and R = 2.0769 kPa.mVkg.K, c u = 3.1156 kJ/kg-°C, and c p = 5.1926 kJ/kg-°C for He (Tables 
A-l and A-2). The specific heat of the copper at room temperature is c = 0.386 kJ/kg-°C (Table A-3). 


Analysis The mass of each gas in the cylinder is 

(500 kPa)(l m 3 


m N, = 


%e = 


r w' 


RT 


i J 


N- 


f w' 


0.2968 kPa • m 3 /kg • Kj(353 K) 
(500 kPa)(lm 3 


RT X J He (2.0769 kPa • m 3 /kg • Kj(298 K) 


= 4.77 kg 


= 0.808 kg 


Taking the entire contents of the cylinder as our system, the 1st law relation 
can be written as 



fin ^out ^^system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

0 = At/=(At/) N2 +(AC/) He+ (Af/) Cu 


0 = [mc v (T 2 -T l )] Ni +[mc v (T 2 -7])] He +[mc(T 2 - T t )] Cu 


where 


Ti cu = (80 + 25) / 2 = 52.5°C 
Substituting, 

(4.77 kg)(0.743 kJ/kg^c)^ -80)°C + (0.808 kgX3.1 156 kJ/kg • °c)(r / - 25fc 

+ (5.0 kg)(0.386 kJ/kg • °c)(r / - 52.5}c = 0 


It gives 


T f = 56.0°C 

where Tf is the final equilibrium temperature in the cylinder. 

The answer would be the same if the piston were not free to move since it would effect only pressure, and not the 
specific heats. 

(b) We take the entire cylinder as our system, which is a closed system. Noting that the cylinder is well-insulated and thus 
there is no heat transfer, the entropy balance for this closed system can be expressed as 

fin ~ ^out ^gen — ^^system 

Net entropy transfer Entropy Change 

by heat and mass generation in entropy 

0 + ‘Sgen = ASn 2 + AS He + A5p iston 


But first we determine the final pressure in the cylinder: 


A/” total — + N u* — 




N- 


He 


M 


+ 




7 N- 


p 2 = 


4.77 kg 0.808 kg 
M J He 28 kg/kmol 4 kg/kmol 

^ total P-uP _ (0.3724 kmol)(8.3 14 kPa • m 3 /kmol • k)(329 K) 


V, 


total 


2 m 


= 0.3724 kmol 
= 509.4 kPa 
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Then, 


AS N = m 


In — -P In — 


c 


p 


v Ti 


P, 


1 7 N 


= (4.77 kg | (l .039 kJ/kg • K)ln TLL _ (o.2968 kJ/kg • K)ln 5 ° 9 ' 4 k?a 

353 K 500 kPa 

= -0.3749 kJ/K 


A *S He = m 


In — -/?ln — 


c 


p 


V ^ 


Pi 


1 7 He 


= (0.808 kgj (5.1926 kJ/kg •K>n^T-( 2 . 0769 kJ/kg -K)ln 5 ° 9 ' 4 kPa 
A ’ 298 K 500 kPa 


= 0.3845 kJ/K 


AA piston 


me In 


77 


r, 


i 7 


piston 


329 K 

= (5 kg)(0.386 kJ/kg • K)ln = 0.021 kJ/K 

325.5 K 


S gen +A5 , He +AA piston = -0.3749 + 0.3845 + 0.021 = 0.0305 kJ/K 

If the piston were not free to move, we would still have T 2 = 329 K but the volume of each gas would remain constant in 
this case: 


AS n = m 


c In — - l n ^ 


AS He — m 


$o\ 


T, 




329 K 


= (4.77 kg)(0.743 kJ/kg -K) In = -0.249 kJ/K 


7 N- 


353 K 


, 77 , V 2 

c„ In R In 


<Po 7 


r, 




329 K 


= (0.808 kg)(3.1 156 kJ/kg -K)ln- = 0.249 kJ/K 


7 He 


298 K 


Sgen = aa n + He + AA piston = “0-249 + 0.249 + 0.02 1 = 0.021 kJ/K 
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7-223 An insulated rigid tank equipped with an electric heater initially contains pressurized air. A valve is opened, and air 
is allowed to escape at constant temperature until the pressure inside drops to a specified value. The amount of electrical 
work done during this process and the total entropy change are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the exit temperature (and enthalpy) of air remains constant. 2 Kinetic and 
potential energies are negligible. 3 The tank is insulated and thus heat transfer is negligible. 4 Air is an ideal gas with 
variable specific heats. 

Properties The gas constant is R = 0.287 kPa.m 3 /kg.K (Table A-l). The properties of air are (Table A- 17) 


T e = 330 K > h e = 330.34 kJ/kg 

T x =330 K >iij =235.61 kJ/kg 

T 2 = 330 K > u 2 = 235.61 kJ/kg 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform- flow system can be expressed as 


Mass balance : 


nv m m QUt A/7? S y Stem — > 


m e = m x - m 2 


Energy balance : 

fin ~ Sput — ^^system 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Vke, ^ - m e h e = m 2 n 2 - m x u x (since Q = ke = pe = 0) 



The initial and the final masses of air in the tank are 
Py (500 kPa)(5m 3 ) 

/71i = — = ' V 

: RT X (0.287 kPa-m 3 /kg-Kj(330 K) 

- W _ . (200 kPa)(5 m 3 ) 

2 RT 2 (o. 287 kPa -m 3 /kg -K](330 K) 

Then from the mass and energy balances, 

m e = m x - m 2 = 26.40 - 10.56 = 15.84 kg 


26.40 kg 
10.56 kg 


W e ,in = m e h e + m 2 u 2 - /njMj 

= (15.84 kg)(330.34 kJ/kg)+ (10.56 kg)(235.61 kJ/kg)- (26.40 kg)(235.61 kJ/kg) = 1501 kj 

(b) The total entropy change, or the total entropy generation within the tank boundaries is determined from an entropy 
balance on the tank expressed as 

c. _ c _i_ c = AS 
yin out 1 ‘-'gen ^ system 

Net entropy transfer Entropy Change 
by heat and mass generation in entropy 

— m e s e + 5 gen — A5 tank 


or, 


5 gen = m e S e + tank = m e s e +( m 2 S 2 ~ m \ S \) 

= ('«i -m 2 )se+(m 2 s 2 —m l s l )=m 2 {s 1 -s e )-m l (s l - s e ) 

Assuming a constant average pressure of (500 + 200)/2 = 350 kPa for the exit stream, the entropy changes are determined 
to be 
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p p 200 kPa 

s 7 -c =c In— -Rln — = -R In — = -(0.287 kJ/kg-K)ln = 0.1606 kJ/kg-K 

2 e p p e p e P e 350 kPa 

T p p 500 kP 

s, —s p = c In — -Rln — = —R In — = -(0.287 kJ/kg • K)ln — = -0. 1024 kJ/kg • K 

p T e P e P e V y 350 kPa 

Therefore, the total entropy generated within the tank during this process is 

5 gen =(10.56 kg)(0.1606kJ/kg-K)-(26.40kgX-0.1024kJ/kg-K) = 4.40 kJ/K 
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7-224 An insulated cylinder initially contains a saturated liquid-vapor mixture of water at a specified temperature. The 
entire vapor in the cylinder is to be condensed isothermally by adding ice inside the cylinder. The amount of ice added and 
the entropy generation are to be determined. 

Assumptions 1 Thermal properties of the ice are constant. 2 The cylinder is well-insulated and thus heat transfer is 
negligible. 3 There is no stirring by hand or a mechanical device (it will add energy). 

Properties The specific heat of ice at about 0°C is c = 2. 1 1 kJ/kg-°C (Table A-3). The melting temperature and the heat of 
fusion of ice at 1 atm are 0°C and 333.7 kJ/kg. 

Analysis (a) We take the contents of the cylinder (ice and saturated water) as our system, which is a closed system. Noting 
that the temperature and thus the pressure remains constant during this phase change process and thus W h + AU = AH, the 
energy balance for this system can be written as 


or 


^ in E out 

\ j 

V 

Net energy transfer 
by heat, work, and mass 


A F 

LAL ' system 

V 

Change in internal, kinetic, 
potential, etc. energies 



A U 


AH 


ice water 


0 

0 


[mc(0°C-7\) solid +mh f +mc(T 2 -0°C) liquid ] ice +[m(h 2 



The properties of water at 100°C are (Table A-4) 

i/ f = 0.001043, v g =1.6720 m 3 /kg 
hf = 419.17, h fg = 2256.4 kJ.kg 

s f = 1 .3072 s fg = 6.0490 kJ/kg.K 


i/, = v f +x ] y fg = 0.001043 + (0.lXl. 6720-0.001043)= 0.16814 m 3 /kg 
h x = h f + x x h fg = 419.17 + (0.1X2256.4) = 644.81 kJ/kg 
si = s f + x l s fg =1.3072 + (0.lX6.0470) = 1.9119 kJ/kg K 

/! 2=Wc= 419 ' 17kJ/k g 

i 2=^@100-C =L3072kJ/k g' K 


^steam 


V x _ 0.02 m 3 

i/j 0.16814 m 3 /kg 


0.119 kg 


Noting that T\ t ice = -18°C and T 2 = 100°C and substituting gives 

m{(2.11 kJ/kg.K)[0-(-18)] + 333.7 kJ/kg + (4.18 kJ/kg-°C)(100-0)°C} 

+(0.1 19 kg)(4 19.17 - 644.81) kJ/kg = 0 


m = 0.034 kg = 34.0 g ice 

(b) We take the ice and the steam as our system, which is a closed system. Considering that the tank is well-insulated and 
thus there is no heat transfer, the entropy balance for this closed system can be expressed as 


^in “ ^out + S 

v. y 

v 

Net entropy transfer 
by heat and mass 


gen 


= AS 


system 


Entropy 

generation 


Change 
in entropy 


0 + S g en AAj ce + AS steam 
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A SL, = 


ice 


AA solid + AA melting + AA liquid y_ ce 


me In 


Z 




melting 


z 


mh; 


+ 


if 


1 J 


T 


solid melting 


r j ^ 

me In— 

T 

^ 7 liquid J- 


ice 


373.15 K 


- (0.034 kg \ (2. 1 1 kJ/kg • K)ln 273,15 K + 333 - 7 _ kJ/k g . + ( 4 . 1 8 kJ/kg • K>n 

71 ' 255.15 K 273.15 K ’ 273.15 K 


Then, 

Agen = AS steam + AA ice = -0.0719 + 0.0907 = 0.0188 kJ/K 


- 0.0907 kJ/K 
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7-225 An evacuated bottle is surrounded by atmospheric air. A valve is opened, and air is allowed to fill the bottle. The 
amount of heat transfer through the wall of the bottle when thermal and mechanical equilibrium is established and the 
amount of entropy generated are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Air is an ideal gas. 3 
Kinetic and potential energies are negligible. 4 There are no work interactions involved. 5 The direction of heat transfer is 
to the air in the bottle (will be verified). 

Properties The gas constant of air is 0.287 kPa.nrVkg.K (Table A-l). 

Analysis We take the bottle as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, 
the mass and energy balances for this uniform- flow system can be expressed as 

Mass balance : m in - m out = A m system -> m, = m 2 (since m out = m initial = 0) 


Energy balance : 


^in ^out 


A E 


system 


Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Gin + m < h , = '» 2«2 (since W = £ out = £ initial = ke s pe = 0) 
Combining the two balances : 

Gin ='»2(«2- /i /) 


where 


m~> = 


py 


(l00 kPa)(o.010 m 


RT 2 (0.287 kPa • m 3 /kg • K 1(300 K) 


= 0.01045 kg 


T t =T 2 = 300 K TabkA - 17 > hi “ 30 °- 19 kJ/kg 

u 2 =214.07 kJ/kg 


90 kPa 



Substituting, 

Q m = (0.01045 kg)(2 14.07 - 300.19) kJ/kg = - 0.90 kJ -> Q out = 0.9 kj 

Note that the negative sign for heat transfer indicates that the assumed direction is wrong. Therefore, we reverse the 
direction. 


The entropy generated during this process is determined by applying the entropy balance on an extended system 
that includes the bottle and its immediate surroundings so that the boundary temperature of the extended system is the 
temperature of the surroundings at all times. The entropy balance for it can be expressed as 


c. _ C I c 

u in out ' gen 

Net entropy transfer Entropy 
by heat and mass generation 


system 

V 

Change 
in entropy 


m i s i 


Q 


out 


E 


^ gen - AS 


tank 


-- m 2 s 2 - niy s 


<^o 


w\ 


= nus 


2*2 


surr 


Therefore, the entropy generated during this process is 



= ~ m i s i + m 2 s 2 + = m 2 (^2 


T, 


surr 



+ 



T 

surr 



T 

surr 


0 9 k} 

= 0.0030 kJ/K 

300 K 
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7-226 Water is heated from 16°C to 43 °C by an electric resistance heater placed in the water pipe as it flows through a 
showerhead steadily at a rate of 1 0 L/min. The electric power input to the heater and the rate of entropy generation are to be 
determined. The reduction in power input and entropy generation as a result of installing a 50% efficient regenerator are 
also to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time at any point within the system and thus 
A m cv = 0 and A E cv = 0.2 Water is an incompressible substance with constant specific heats. 3 The kinetic and potential 

energy changes are negligible, A ke = Ape = 0.4 Heat losses from the pipe are negligible. 


Properties The density of water is given to be p = 1 kg/L. The specific heat of water at room temperature is c = 4.18 
kJ/kg-°C (Table A-3). 

Analysis (a) We take the pipe as the system. This is a control volume since mass crosses the system boundary during the 
process. We observe that there is only one inlet and one exit and thus m x = m 2 = m . Then the energy balance for this 

steady-flow system can be expressed in the rate form as 


^in ^out 


A E 


710 (steady) 


system 


- 0 -» E in - E out 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

We, in + - mh 2 (since Ake = Ape = 0) 

^e,in = ™( h 2 ~ h \) = ™ C ( T 2 ~ T \) 


WATER 


1 6°C 


where 


rAtyWWr 




43°C 


1 — 


M/ 


m = pO = (l kg/L)(lO L/min) =10 kg/min 
Substituting, 

W e ,in = (10/60 kg/s)(4. 1 8 kJ/kg • °C\43 - 16)°C = 18.8 kW 

The rate of entropy generation in the heating section during this process is determined by applying the entropy balance on 
the heating section. Noting that this is a steady-flow process and heat transfer from the heating section is negligible, 


^"in ^out 


+ 


gen 


= AS 


<£o 


system 


= 0 


Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 


rhs x -ms 2 + S gm = 0 


> 5 gen = m(.V 2 - -V,) 


Noting that water is an incompressible substance and substituting, 

TP 11 / 17 

S aen = me In — = (10/60 kg/s)(4.18 kJ/kg • K)ln— — = 0.0622 kJ/K 




289 K 


(b) The energy recovered by the heat exchanger is 

Gsaved = fiGmax = emC^ - T m J = 0.5(l0/60 kg/sX4. 1 8 kJ/kg • °c)(39 -16)°C = 8.0 kJ/s = 8.0 kW 
Therefore, 8.0 kW less energy is needed in this case, and the required electric power in this case reduces to 


W.n.new = ^n.old “ Q saved = 18.8-8.0 = 10.8 kW 


Taking the cold water stream in the heat exchanger as our control volume (a steady- flow system), the temperature at which 
the cold water leaves the heat exchanger and enters the electric resistance heating section is determined from 

Q = mc(T c out ~T cM ) 

Substituting, 

8 kJ/s = (10/60 kg/s)(4.18 kJ/kg-°C)(7; out - 16°C) 


It yields 
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T cout = 27.5°C = 300. 5K 

The rate of entropy generation in the heating section in this case is determined similarly to be 

T 316 K 

S een = wcln — = (10/60 kg/s V4. 18 kJ/kg • K) In — = 0.0350 kJ/K 

gen Ti A 300.5 K 

Thus the reduction in the rate of entropy generation within the heating section is 

deduction = 0.0622-0.0350 = 0.0272 kW/K 
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7-227 Using EES (or other) software, the work input to a multistage compressor is to be determined for a given set 

of inlet and exit pressures for any number of stages. The pressure ratio across each stage is assumed to be identical and the 
compression process to be polytropic. The compressor work is to be tabulated and plotted against the number of stages for 
P\ = 100 kPa, T\ = 25°C, P2 = 1000 kPa, and n = 1.35 for air. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


GAS$ = 'Air' 

Nstage = 2 "number of stages of compression with intercooling, each having same pressure ratio." 
n=1.35 

MM=MOLARMASS(GAS$) 

R_u = 8.314 [kJ/kmol-K] 

R=R_u/MM 
k=1 .4 

PI =100 [kPa] 

T1=25 [C] 

P2=1000 [kPa] 

R p = (P2/P1) A (1/Nstage) 

W dot_comp= Nstage*n*R*(T 1 +273)/(n-1 )*((R_p) A ((n-1 )/n) - 1) 


Nstage 

Wcomp 

[kJ/kgl 

1 

269.4 

2 

229.5 

3 

217.9 

4 

212.4 

5 

209.2 

6 

207.1 

7 

205.6 

8 

204.5 

9 

203.6 

10 

202.9 



Nstage 
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7-228 The turbocharger of an internal combustion engine consisting of a turbine driven by hot exhaust gases and a 
compressor driven by the turbine is considered. The air temperature at the compressor exit and the isentropic efficiency of 
the compressor are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential 
energy changes are negligible. 3 Exhaust gases have air properties and air 
is an ideal gas with constant specific heats. 

Properties The specific heat of exhaust gases at the average temperature 
of 425°C is c p = 1.075 kJ/kg.K and properties of air at an anticipated 
average temperature of 100°C are c p = 1.01 1 kJ/kg.K and k =1.397 (Table 
A-2). 

Analysis (a) The turbine power output is determined from 
W T ='»exhC p (7’l ~T 2 ) 

= (0.02 kg/s)(1.075 kJ/kg.°C)(450 - 400)°C = 1.075 kW 


Air, 70°C 



For a mechanical efficiency of 95% between the turbine and the compressor, 
W c =?] ni W T = (0.95)(1.075 kW) = 1.021 kW 
Then, the air temperature at the compressor exit becomes 
Wc = 'Hair c p(T 2 -7]) 

1.021 kW = (0.018 kg/s)(1.01 1 kJ/kg.°C)(r 2 - 70)°C 

T 2 = 126.1°C 


( b ) The air temperature at the compressor exit for the case of isentropic process is 


t 2 s =t x 


r p \(k-\)/k 


v p i y 


= (70 + 273 K) 


135 kPa 
95 kPa 


(1 .397-1)/! .397 


= 379 K = 106°C 


The isentropic efficiency of the compressor is determined to be 

106-70 


7c = 


T 2 s - T\ 


T 2 -T t 126.1-70 


= 0.642 
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7-229 Air is allowed to enter an insulated piston-cylinder device until the volume of the air increases by 50%. The final 
temperature in the cylinder, the amount of mass that has entered, the work done, and the entropy generation are to be 
determined. 


Assumptions 1 Kinetic and potential energy changes are negligible. 2 
Air is an ideal gas with constant specific heats. 

Properties The gas constant ofairis/? = 0.287 kJ/kg.K and the 
specific heats of air at room temperature are c p = 1.005 kJ/kg.K, c v = 
0.718 kJ/kg.K (Table A-2). 

Analysis The initial pressure in the cylinder is 



m l RT l 


(0.7 kg)(0.287 kPa • m Vkg • K)(20+ 273 K) 
0.25 m 3 


235.5 kPa 



Air 

500 kPa 
70°C 


/Hi = 


P 2 V 2 _ (235.5 kPa)(1.5x 0.25 m 3 ) _ 307.71 
RT 2 (0.287 kPa-m 3 /kg-K)r 2 T 2 


A mass balance on the system gives the expression for the mass entering the cylinder 

307.71 


m. = - m, = 


P 


-0.7 


(c) Noting that the pressure remains constant, the boundary work is determined to be 
W haat =Pi{V 2 - ^i) = (235.5 kPa)(1.5x 0.25 - 0.5)m 3 = 29.43 kJ 


(a) An energy balance on the system may be used to determine the final temperature 

m.h, - Wb out = m 2 u 2 - m x u x 
m ,c p T, ~ W bt0Ut = m 2 cj 2 - m\C v T\ 


307.71 

v~P~ 


-0.7 


(1.005)(70 + 273) -29.43 = 


^ 307 . 71 ^ 

V T 2 J 


(0.718)r 2 -(0.7)(0.718)(20 + 273) 


There is only one unknown, which is the final temperature. By a trial-error approach or using EES, we find 

T 2 = 308.0 K 

(b) The final mass and the amount of mass that has entered are 
307.71 


m 2 = 


= 0.999 kg 


308.0 

m i = m 2 - m x - 0.999 - 0.7 = 0.299 kg 
(i d) The rate of entropy generation is determined from 

Sgen =rn 2 s 2 -m l s 1 -m l s l =m 2 s 2 -m x s x -(m 2 - m x ),v, =m 2 (s 2 -s i )-m 1 (s 1 -s ; ) 


= m 


c„ In — - R\n^ 2 


p 


T; 


P; 


- m 


f ry p \ 

c „ In — - R In — 


i j 


p 


T, 


P; 


l J 


= (0.999 kg) 


(1.005 kJ/kg.K)ln 


308 K 
343 K 


- (0.287 kJ/kg.K)ln| 


235.5 kPa 
500 kPa 


-(0.7 kg) 


(1.005 kJ/kg.K)ln| 


293 K 
343 K 


- (0.287 kJ/kg.K)ln| 


235.5 kPa 
500 kPa 


= 0.0673 kJ/K 
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7-230 A cryogenic turbine in a natural gas liquefaction plant produces 115 kW of power. The efficiency of the turbine is to 
be determined. 


Assumptions 1 The turbine operates steadily. 

Properties The density of natural gas is given to be 423.8 kg/m 3 . 

Analysis The maximum possible power that can be obtained from this turbine 
for the given inlet and exit pressures can be determined from 

w max = -(P m - Pout ) = 3 (3000 - 300)kPa = 127.4 kW 

P 423.8 kg/m 3 

Given the actual power, the efficiency of this cryogenic turbine becomes 


W 

?l = -. 

^max 


1 1 5 k W 
127.4 kW 


= 0.903 = 90 . 3 % 



This efficiency is also known as hydraulic efficiency since the cryogenic turbine handles 
natural gas in liquid state as the hydraulic turbine handles liquid water. 
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7-231 Heat is transferred from a tank to a heat reservoir until the temperature of the tank is reduced to the temperature of 
reservoir. The expressions for entropy changes are to be obtained and plotted against initial temperature in the tank. 

Properties The constant-volume specific heat of air at 300 K is c v = 0.718 kJ/kg-K (Table A-2a) 

Analysis The entropy change of air in the tank is 


AS air = m 


In — + R In 2 


T 




= mc v 


In 


h 

Tx 


The entropy change of heat reservoir is 

Q mc v {T x -T 2 ) 


AS hr - 


Tr 


T t 


L ± L 

The total entropy change (i.e., entropy generation) is 

A gen = AS total = AS air + AS hr = mc v In — + - ■ — 




Tr 


The heat transfer will continue until T 2 = T L . Now using m = 2 kg, c v = 0.718 kJ/kg-K and T L = 300 K, we plot entropy 
change terms against initial temperature as shown in the figure. 



Ti (K) 
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7-232 Heat is transferred from a tank to a heat engine which produces work. This work is stored in a work reservoir. The 
initial temperature of the air for maximum work and thermal efficiency, the total entropy change, work produced and 
thermal efficiency are to be determined for three initial temperatures. 

Properties The constant-volume specific heat of air at 300 K is c v = 0.718 kJ/kg-K (Table A-2a) 

Analysis (a) The entropy change of air in the tank is 


AS tank =m\ 


c.. In Tl 


T, 






T 

= mc\, In — 
T x 


The heat transfer will continue until T 2 = T L . Thus, 

T, 


AA tank = mc v ln 


L 


z 


The entropy change of heat reservoir is 

Gl 


A^hr - 


T, 


The entropy change of heat engine is zero since the engine is reversible and produces maximum work. The work reservoir 
involves no entropy change. Then, the total entropy change (i.e., entropy generation) is 


^ gen = AS ^al = AS tank +AS HR +AS HE +A S 
= AS tznk + AS HR +0 + 0 

which becomes 


S gen = mc v ln+^ + A (1) 

1 \ 1 L 

The expression for the thermal efficiency is 
IT 

v* = ~pr~ (2) 

or ?7th=1_ ^ (3) 

Heat transfer from the tank is expressed as 
Q h = mc v (T l -T l ) (4) 

In ideal operations, the entropy generation will be zero. Then using m = 2 kg, c v = 0.718 kJ/kg-K, T L = 300 K, Q L = 400 kJ 
and solving equations (1), (2), (3) and (4) simultaneously using an equation solver such as EES we obtain 

T x = 759.2 K 
rj th =0.3934 

IT = 259.4 kJ 
Q h = 659.4 kJ 

(b) At the initial air temperature of 759.2 K, the entropy generation is zero and 

^ gen =0 

77 th =0.3934 
IT =259.4 kJ 

At the initial air temperature of 759.2-100 = 659.2 K, we obtain 

S gen =0.2029 kJ/K 

/7th =0.2245 
IT =115.8 kJ 
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At the initial air temperature of 759.2 + 100 = 859.2 K, we obtain 

S gen = -0.1777 kJ/K 
77 th =0.5019 
W = 403.0 kJ 

A negative value for entropy generation indicates that this process is not possible with the given values. 

(c) The thermal efficiency and the entropy generation as functions of the initial temperature of the air are plotted below: 



Ti (K) 
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7-234 An expression for the internal energy change of an ideal gas during the isentropic process is to be obtained. 
Analysis The expression is obtained as follows: 


7-197 


clu = Td$ () - Pdv = -Pdv 

Am = - J Pdv, where P = const v 

r v 1 -* 

Am = - I const v k dv = - const 

J 1-/ 


Am = 


k- l|j k- 
Am = C v (T 2 -T ] ) 


Pv k v l ~ k 
1 -k 


2 


1 


7-235 The temperature of an ideal gas is given as functions of entropy and specific volume. The T- c/relation for this ideal 
gas undergoing an isentropic process is to be obtained. 

Analysis The expressions for temperatures T\ and T 2 are 

T\ =T(s 1 ,v l ) and T 2 =T(s 2 ,v 2 ) 

T\ = Av\' k exp(s 1 / c v ) 

T 2 =Av 2 k exp {s 2 /c v ) 

Now divide T 2 by T h 

T 2 _ AuPexp( J2 /c v ) 

T \ Av\- k exp( Sl /c v ) 

Since A and c v are constants and the process is isentropic s 2 = s\, the temperature ratio reduces to 
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7-236 An ideal gas undergoes a reversible, steady-flow process. An expression for heat transfer is to be obtained. 
Analysis (a) The conservation of mass and energy for the steady-flow process are 

X = X m - 


inlets exits 


Gnet + 


inlets 


\ v 2 x 

h + + gz 

2 


Ji 


^net 

exits 


\ v 2 x 

h + + gz 

2 


where the sign of heat transfer is to the system and work is from the system. For one entrance, one exit, neglecting kinetic 
and potential energies, and unit mass flow, the conservation of mass and energy reduces to 

4net = Wnet +(*« ~ K) 

The steady- flow, reversible work for the isothermal process is found from 


e c 

r 

rRT 


f p cA 

r p H 

dP = 
P 

-RT ln 

v P- 

i / 


V i J 


Then 


<7 net = w net + fre ~ h i) 


= -RT-RT In 


f P ^ 

1 e 


+ c p (T e -T t ) 


However, 


P, = T. 


Thus, 


r P N 

1 e 


\ P i y 


4net = - RT ln 

(b) For the isothermal process, the heat transfer may be determined from 

e e 

4net = Jras=r|js = T(i e -S,) 
i i 

The entropy change of an ideal gas is found from 


T„ 


S e -S; = 


-1 


T \ 


C p ( T)dT 
T 


-R ln 


y p ,j 


For the isothermal process the entropy change is 
.9. - s ; = — Inf 


r P ^ 

1 e 


\ P > y 


The expression for heat transfer is 
4net =T(s e -s i ) = -RT In 
which is the same as part (a). 


r P A 

1 e 

\ P i y 
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7-237 The temperature of an ideal gas is given as functions of entropy and specific volume. The expression for heat transfer 
is to be determined and compared to the result by a first law analysis. 

Analysis The heat transfer may be expressed as 
T(s,P) = AP {k ~ l)lk exp(s / c p ) 

T(s,v) = AP^ k ~ x ^ /k exp(s/c p ) 

q = — = f Tds = f AP {k ~ l)lk exp(s / c )ds 

m J J 1 

s \ s \ 

For P = constant, the integral becomes 

s 2 

q = AP {k ~ [)lk Jexp(5 , /c /? )J5' = AP {k ~ l)lk c p exp (s / c p ) 

s \ 

= AP (k ~ 1),k c p [exp(.s 2 lc p )~ exp(sj / c p )] 

Noting that 

T x = AP (k - l)/k exp(sj/c p ) 
p 2 = Ap( k ~^ lk exp(i 2 / c p ) 

We obtain 

q=Cp( T 2-T\) 

This result is the same as that given by applying the first law to a closed system undergoing a constant pressure process. 
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7-238 A two-stage compression with intercooling process is considered. The isentropic efficiencies for the two compression 
processes are given. The optimum intercooling pressure is to be obtained. 

Analysis The work of compression is 

w comp = c p ( T 2 ~ T \ ) + C p ( T 4 ~ T 3 ) 


= C 


= C 


= C 


P 


P 


P 


1 (r^-TD + c,— <r 4 j -r 3 ) 


7 c , l 


7 c,// 


T\ —(t 2s it, - 1 ) + r 3 - 2 — ( r 4s it 3 - 1 ) 

7 c , l 7 c,// 


71 




r /O 


v p i y 


(jfc-1)/* 


-1 


+ r. 


7 c,// 




y 




\ 

-1 

/ 


We are to assume that intercooling takes place at constant pressure and the gases can be cooled to the inlet temperature for 
the compressor, such that P 3 = P 2 and T 3 = T\. Then the total work supplied to the compressor becomes 


^comp ^ p P \ 


= c p T 1 


1 


7 C,L 

1 




\ p \ J 


r p \(k-i)/k 


-1 


+ 


1 


7 c,// 


^ p )lk 

i A 


\ P 2 J 


-1 


7 C,L 


v p i y 


Jr a 


+ 


7 C,H 


y p 2 j 


1 


1 


7 c,l 7 c,// 


To find the unknown pressure P 2 that gives the minimum work input for fixed compressor inlet conditions T u P u exit 
pressure P 4 , and isentropic efficiencies, we set 

^ comp (P 2 ) _ Q 

dP 2 


This yields 




7 c, L 
7 c,// 


2 (^- 1 ) 


-A: 


-A: 


— = ( 7 c.l )* -1 ~ ~( 7 c.//)^ 1 


Pi 


P> 


Since P 2 = P 3 , the pressure ratios across the two compressors are related by 

P — - p — 

-T = (' 7 c , l) M =-^ 07 c .»)*- 1 

M M 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



Fundamentals of Engineering (FE) Exam Problems 
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7-239 Steam is condensed at a constant temperature of 30°C as it flows through the condenser of a power plant by rejecting 
heat at a rate of 55 MW. The rate of entropy change of steam as it flows through the condenser is 

(a) -1.83 MW/K (b)-0.18MW/K (c) OMW/K (d) 0.56 MW/K (e)1.22MW/K 

Answer (b) -0.18 MW/K 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T1=30 "C" 

Q_out=55 "MW" 

S_change=-Q_out/(T 1 +273) "MW/K" 

"Some Wrong Solutions with Common Mistakes:" 

W1_S_change=0 "Assuming no change" 

W2_S_change=Q_out/T1 "Using temperature in C" 

W3_S_change=Q_out/(T 1 +273) "Wrong sign" 

W4_S_change=-s_fg "Taking entropy of vaporization" 

s_fg=(ENTROPY(Steam_IAPWS,T=T1 ,x=1 )-EI\ITROPY(Steam_IAPWS,T=T1 ,x=0)) 


7-240 Steam is compressed from 6 MPa and 300°C to 10 MPa isentropically. The final temperature of the steam is 
(a) 290°C (b) 300°C (c)311°C (d) 371°C (e) 422°C 

Answer (d) 371°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PI =6000 "kPa" 

T1=300 "C" 

P2=10000 "kPa" 
s2=s1 

si =ENTROPY(Steam_IAPWS,T=T1 ,P=P1 ) 
T2=TEMPERATURE(Steam_IAPWS,s=s2,P=P2) 

"Some Wrong Solutions with Common Mistakes:" 

W1_T2=T1 "Assuming temperature remains constant" 

W2_T2=TEMPERATURE(Steam_IAPWS,x=0,P=P2) "Saturation temperature at P2" 
W3_T2=TEMPERATURE(SteamJAPWS,x=0,P=P2) "Saturation temperature at PI" 
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7-241 An apple with an average mass of 0.12 kg and average specific heat of 3.65 kJ/kg.°C is cooled from 25°C to 5°C. 
The entropy change of the apple is 

(a) -0.705 kJ/K (b) -0.254 kJ/K (c) -0.0304 kJ/K (d) 0 kJ/K (e) 0.348 kJ/K 

Answer (c) -0.0304 kJ/K 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


C=3.65 "kJ/kg.K" 
m=0.1 2 "kg" 

T1=25 "C" 

T2=5 "C" 

S_change=m*C*ln((T2+273)/(T 1 +273)) 

"Some Wrong Solutions with Common Mistakes:" 

W1 _S_change=C*ln((T2+273)/(T 1 +273)) "Not using mass" 
W2_S_change=m*C*ln(T2/T 1 ) "Using C" 
W3_S_change=m*C*(T2-T1) "Using Wrong relation" 


7-242 A piston-cylinder device contains 5 kg of saturated water vapor at 3 MPa. Now heat is rejected from the cylinder at 
constant pressure until the water vapor completely condenses so that the cylinder contains saturated liquid at 3 MPa at the 
end of the process. The entropy change of the system during this process is 

(a) 0 kJ/K (b) -3.5 kJ/K (c) -12.5 kJ/K (d) -17.7 kJ/K (e) -19.5 kJ/K 

Answer (d) -17.7 kJ/K 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PI =3000 "kPa" 
m=5 "kg" 

s_fg=(ENTROPY(Steam_IAPWS,P=P1 ,x=1 )-ENTROPY(Steam_IAPWS,P=P1 ,x=0)) 
S_change=-m*s_fg "kJ/K" 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


7-203 


7-243 Helium gas is compressed from 1 atm and 25°C to a pressure of 10 atm adiabatically. The lowest temperature of 
helium after compression is 


(a) 25°C (b) 63°C (c) 250°C (d) 384°C (e) 476°C 

Answer (e) 476°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1 .667 

PI =101 .325 "kPa" 

T1=25 "C" 

P2=1 0*1 0 1 .325 "kPa" 

"s2=s1" 

"The exit temperature will be lowest for isentropic compression," 
T2=(T1 +273)*(P2/P1 ) A ((k-1 )/k) "K" 

T2_C= T2-273 "C" 

"Some Wrong Solutions with Common Mistakes:" 

W1_T2=T1 "Assuming temperature remains constant" 

W2_T2=T 1 *(P2/P1 ) A ((k-1 )/k) "Using C instead of K" 

W3 T2=(T 1 +273)*(P2/P1 )-273 "Assuming T is proportional to P" 
W4_T2=T1*(P2/P1) "Assuming T is proportional to P, using C" 


7-244 Steam expands in an adiabatic turbine from 4 MPa and 500°C to 0.1 MPa at a rate of 2 kg/s. If steam leaves the 
turbine as saturated vapor, the power output of the turbine is 

(a) 2058 kW (b)1910kW (c) 1780 kW (d) 1674kW (e) 1542kW 

Answer (e) 1542 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PI =4000 "kPa" 

T 1 =500 "C" 

P2=100 "kPa" 
x2=1 

m=2 "kg/s" 

hi =ENTHALPY(Steam_IAPWS,T=T1 ,P=P1 ) 
h2=ENTHALPY(Steam_IAPWS,x=x2,P=P2) 
W_out=m*(h1-h2) 

"Some Wrong Solutions with Common Mistakes:" 
si =ENTROPY(SteamJAPWS,T=T1 ,P=P1 ) 
h2s=ENTHALPY(Steam_IAPWS, s=s1 ,P=P2) 
W1_Wout=m*(h1-h2s) "Assuming isentropic expansion" 
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7-245 Argon gas expands in an adiabatic turbine from 3 MPa and 750°C to 0.2 MPa at a rate of 5 kg/s. The maximum 
power output of the turbine is 

(a) 1.06 MW (b) 1.29 MW (c) 1.43 MW (d) 1.76 MW (e) 2.08 MW 

Answer (d) 1.76 MW 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Cp=0.5203 
k=1 .667 
PI =3000 "kPa" 

T1 =750+273 "K" 
m=5 "kg/s" 

P2=200 "kPa" 

"s2=s1 " 

T2=T 1 *(P2/P1 ) A ((k-1 )/k) 

W_max=m*Cp*(T 1 -T2) 

"Some Wrong Solutions with Common Mistakes:" 
Cv=0.2081"kJ/kg.K" 

W1 _Wmax=m*Cv*(T 1 -T2) "Using Cv" 

T22=T 1 *(P2/P1 ) A ((k-1 )/k) "Using C instead of K" 
W2_Wmax=m*Cp*(T 1 -T22) 

W3_Wmax=Cp*(T1-T2) "Not using mass flow rate" 
T24=T1*(P2/P1) "Assuming T is proportional to P, using C" 
W4_Wmax=m*Cp*(T 1 -T24) 


7-246 A unit mass of a substance undergoes an irreversible process from state 1 to state 2 while gaining heat from the 
surroundings at temperature T in the amount of q. If the entropy of the substance is s\ at state 1, and s 2 at state 2, the entropy 
change of the substance As during this process is 

(a)As<s 2 -si (b) As>s 2 -sj (c)As = s 2 -si (d) As = s 2 - si + q/T (e) As > s 2 - sj + q/T 
Answer (c) As = s 2 - Sj 


7-247 A unit mass of an ideal gas at temperature T undergoes a reversible isothermal process from pressure P\ to pressure 
Pi while loosing heat to the surroundings at temperature T in the amount of q. If the gas constant of the gas is R , the entropy 
change of the gas As during this process is 

(a) As =R \n(P 2 /P\) (b) As = R \n(P 2 /P\)- q/T (c) As =R \n(P\/P 2 ) (d) As =R ln(/VP 2 )-q/T (e) As= 0 

Answer (c) As =R \n(P\/P 2 ) 
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7-248 Air is compressed from room conditions to a specified pressure in a reversible manner by two compressors: one 
isothermal and the other adiabatic. If the entropy change of air is Asj sot during the reversible isothermal compression, and 
Acadia during the reversible adiabatic compression, the correct statement regarding entropy change of air per unit mass is 

(a) Ai'jsot Acadia 0 (b) A^jsot A^adia^O (f) A.S'adia^ 0 (d) ASjsot < 0 (e) As^ot 0 

Answer (d) As isot < 0 


3 3 , . . . 

7-249 Helium gas is compressed from 27°C and 3.5 m /kg to 0.775 m /kg in a reversible adiabatic manner. The temperature 
of helium after compression is 

(a) 74°C (b) 122°C (c) 547°C (d) 709°C (e) 1082°C 

Answer (c) 547°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1 .667 

v1=3.5 "m A 3/kg" 

T1=27 "C" 
v2=0.775 "m A 3/kg" 

"s2=s1" 

"The exit temperature is determined from isentropic compression relation," 
T2=(T 1 +273)*(v1/v2) A (k-1 ) "K" 

T2_C= T2-273 "C" 

"Some Wrong Solutions with Common Mistakes:" 

W1_T2=T1 "Assuming temperature remains constant" 

W2_T2=T 1 *(v1/v2) A (k-1 ) "Using C instead of K" 

W3_T2=(T1 +273)*(v1/v2)-273 "Assuming T is proportional to v" 
W4_T2=T1*(v1/v2) "Assuming T is proportional to v, using C" 
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7-250 Heat is lost through a plane wall steadily at a rate of 600 W. If the inner and outer surface temperatures of the wall 
are 20°C and 5°C, respectively, the rate of entropy generation within the wall is 

(a) 0.11 W/K (b) 4.21 W/K (c) 2.10 W/K (d) 42.1 W/K (e) 90.0 W/K 

Answer (a) 0.11 W/K 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Q=600 "W" 

T1 =20+273 "K" 

T2=5+273 "K" 

"Entropy balance SJn - S_out + S_gen= DS_system for the wall for steady operation gives" 
Q/T 1 -Q/T2+S_gen=0 "W/K" 

"Some Wrong Solutions with Common Mistakes:" 

Q/(T 1 +273)-Q/(T2+273)+W1_Sgen=0 "Using C instead of K" 

W2_Sgen=Q/((T1+T2)/2) "Using avegage temperature in K" 

W3_Sgen=Q/((T1+T2)/2-273) "Using avegage temperature in C" 
W4_Sgen=Q/(T1-T2+273) "Using temperature difference in K" 


7-251 Air is compressed steadily and adiabatically from 17°C and 90 kPa to 200°C and 400 kPa. Assuming constant 
specific heats for air at room temperature, the isentropic efficiency of the compressor is 

(a) 0.76 (b) 0.94 (c) 0.86 (d) 0.84 (e) 1.00 

Answer (d) 0.84 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Cp= 1.005 "kJ/kg.K" 
k=1 .4 

PI =90 "kPa" 

T1=17 "C" 

P2=400 "kPa" 

T2=200 "C" 

T2s=(T1 +273)*(P2/P1 ) A ((k-1 )/k)-273 
Eta_comp=(Cp*(T2s-T 1 ))/(Cp*(T2-T1 )) 

"Some Wrong Solutions with Common Mistakes:" 

T2sW1 =T 1 *(P2/P1 ) A ((k-1 )/k) "Using C instead of K in finding T2s" 

W1 _Eta_comp=(Cp*(T2sW1 -T1 ))/(Cp*(T2-T1 )) 

W2_Eta_comp=T2s/T2 "Using wrong definition for isentropic efficiency, and using C" 
W3_Eta_comp=(T2s+273)/(T2+273) "Using wrong definition for isentropic efficiency, with K" 
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7-252 Argon gas expands in an adiabatic turbine steadily from 600°C and 800 kPa to 80 kPa at a rate of 2.5 kg/s. For an 
isentropic efficiency of 88%, the power produced by the turbine is 

(a) 240 kW (b) 361 kW (c)414kW (d) 602 kW (e) 777 kW 

Answer (d) 602 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Cp=0.5203 "kJ/kg-K" 
k=1 .667 
m=2.5 "kg/s" 

T1=600 "C" 

PI =800 "kPa" 

P2=80 "kPa" 

T2s=(T1 +273)*(P2/P1 ) A ((k-1 )/k)-273 
Eta_turb=0.88 

Eta_turb=(Cp*(T2-T1 ))/(Cp*(T2s-T1 )) 

W_out=m*Cp*(T1 -T2) 

"Some Wrong Solutions with Common Mistakes:" 

T2sW1 =T 1 *(P2/P1 ) A ((k-1 )/k) "Using C instead of Kto find T2s" 

Eta_turb=(Cp*(T2W1 -T1 ))/(Cp*(T2sW1 -T1 )) 

W1 _Wout=m*Cp*(T1 -T2W1 ) 

Eta_turb=(Cp*(T2s-T1 ))/(Cp*(T2W2-T1)) "Using wrong definition for isentropic efficiency, and using C" 
W2_Wout=m*Cp*(T 1 -T2W2) 

W3_Wout=Cp*(T 1 -T2) "Not using mass flow rate" 

Cv=0.31 22 "kJ/kg.K" 

W4_Wout=m*Cv*(T 1 -T2) "Using Cv instead of Cp" 
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7-253 Water enters a pump steadily at 100 kPa at a rate of 35 L/s and leaves at 800 kPa. The flow velocities at the inlet and 
the exit are the same, but the pump exit where the discharge pressure is measured is 6.1 m above the inlet section. The 
minimum power input to the pump is 

(a) 34 kW (b) 22 kW (c) 27 kW (d) 52 kW (e) 44 kW 

Answer (c) 27 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


V-0.035 "m A 3/s" 
g=9.81 "m/s A 2" 
h=6.1 "m" 

PI =100 "kPa" 

T1=20 "C" 

P2=800 "kPa" 

"Pump power input is minimum when compression is reversible and thus w=v(P2-P1)+Dpe" 

vl =VOLUME(SteamJAPWS,T=T1 ,P=P1 ) 

m=V/v1 

W_min=m*v1 *(P2-P1 )+m*g*h/1 000 "kPa.m A 3/s=kW" 

"(The effect of 6.1 m elevation difference turns out to be small)" 

"Some Wrong Solutions with Common Mistakes:" 

W1_Win=m*v1*(P2-P1) "Disregarding potential energy" 

W2_Win=m*v1*(P2-P1)-m*g*h/1000 "Subtracting potential energy instead of adding" 
W3_Win=m*v1*(P2-P1)+m*g*h "Not using the conversion factor 1000 in PE term" 
W4_Win=m*v1*(P2+P1)+m*g*h/1000 "Adding pressures instead of subtracting" 


7-254 Air at 15°C is compressed steadily and isothermally from 100 kPa to 700 kPa at a rate of 0.12 kg/s. The minimum 
power input to the compressor is 

(a) 1.0 kW (b) 11.2 kW (c) 25.8 kW (d) 19.3 kW (e) 161 kW 

Answer (d) 19.3 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Cp= 1.005 "kJ/kg.K" 

R=0.287 "kJ/kg.K" 

Cv=0.71 8 "kJ/kg.K" 
k=1 .4 

PI =100 "kPa" 

T=1 5 "C" 
m=0.12 "kg/s" 

P2=700 "kPa" 

Win=m*R*(T+273)*ln(P2/P1 ) 

"Some Wrong Solutions with Common Mistakes:" 
W1_Win=m*R*T*ln(P2/P1) "Using C instead of K" 
W2_Win=m*T*(P2-P1) "Using wrong relation" 
W3_Win=R*(T+273)*ln(P2/P1 ) "Not using mass flow rate” 
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7-255 Air is to be compressed steadily and isentropically from 1 atm to 16 atm by a two-stage compressor. To minimize the 
total compression work, the intermediate pressure between the two stages must be 

(a) 3 atm (b) 4 atm (c) 8.5 atm (d) 9 atm (e) 12 atm 

Answer (b) 4 atm 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1=1 "atm" 

P2=16 "atm" 

P_mid=SQRT(P1 *P2) 

"Some Wrong Solutions with Common Mistakes:" 
W1_P=(P1 +P2)/2 "Using average pressure" 
W2_P=P1*P2/2 "Half of product" 


7-256 Helium gas enters an adiabatic nozzle steadily at 500°C and 600 kPa with a low velocity, and exits at a pressure of 90 
kPa. The highest possible velocity of helium gas at the nozzle exit is 

(a) 1475 m/s (b) 1662 m/s (c) 1839 m/s (d) 2066 m/s (e) 3040 m/s 

Answer (d) 2066 m/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1 .667 

Cp=5.1 926 "kJ/kg.K" 

Cv=3.1 156 "kJ/kg.K" 

T1=500 "C" 

PI =600 "kPa" 

Vel1=0 
P2=90 "kPa" 

"s2=s1 for maximum exit velocity" 

"The exit velocity will be highest for isentropic expansion," 

T2=(T1 +273)*(P2/P1 ) A ((k-1 )/k)-273 "C" 

"Energy balance for this case is h+ke=constant for the fluid stream (Q=W=pe=0)" 
(0.5*Vel1 A 2)/1 000+Cp*T1 =(0.5*Vel2 A 2)/1 000+Cp*T2 


"Some Wrong Solutions with Common Mistakes:" 

T2a=T 1 *(P2/P1 ) A ((k-1 )/k) "Using C for temperature" 
(0.5*Vel1 A 2)/1 000+Cp*T 1 =(0.5*W1_Vel2 A 2)/1 000+Cp*T2a 
T2b=T 1 *(P2/P1 ) A ((k-1 )/k) "Using Cv" 

(0.5*Vel 1 A 2)/1 000+Cv*T 1 =(0.5*W2_Vel2 A 2)/1 000+Cv*T2b 
T2c=T1*(P2/P1) A k "Using wrong relation" 

(0.5*Vel1 A 2)/1 000+Cp*T 1 =(0.5*W3_Vel2 A 2)/1 000+Cp*T2c 
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7-257 Combustion gases with a specific heat ratio of 1.3 enter an adiabatic nozzle steadily at 800°C and 800 kPa with a low 
velocity, and exit at a pressure of 85 kPa. The lowest possible temperature of combustion gases at the nozzle exit is 

(a) 43°C (b) 237°C (c) 367°C (d) 477°C (e) 640°C 

Answer (c) 367°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1 .3 

T1=800 "C" 

PI =800 "kPa" 

P2=85 "kPa" 

"Nozzle exit temperature will be lowest for isentropic operation" 
T2=(T1 +273)*(P2/P1 ) A ((k-1 )/k)-273 

"Some Wrong Solutions with Common Mistakes:" 

W1 _T2=T 1 *(P2/P1 ) A ((k-1 )/k) "Using C for temperature" 

W2_T2=(T1 +273)*(P2/P1 ) A ((k-1 )/k) "Not converting the answer to C" 
W3_T2=T 1 *(P2/P1 ) A k "Using wrong relation" 


7-258 Steam enters an adiabatic turbine steadily at 400°C and 5 MPa, and leaves at 20 kPa. The highest possible percentage 
of mass of steam that condenses at the turbine exit and leaves the turbine as a liquid is 

(a) 4% (b) 8% (c) 12% (d) 18% (e) 0% 

Answer (d) 18% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PI =5000 "kPa" 

T1=400 "C" 

P2=20 "kPa" 
s2=s1 

si =ENTROPY(Steam_IAPWS,T=T1 ,P=P1 ) 

x2=QUALITY(SteamJAPWS,s=s2,P=P2) 

moisture=1-x2 
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7-259 Liquid water enters an adiabatic piping system at 15°C at a rate of 8 kg/s. If the water temperature rises by 0.2°C 
during flow due to friction, the rate of entropy generation in the pipe is 

(a) 23 W/K (b) 55 W/K (c) 68 W/K (d) 220 W/K (e) 443 W/K 

Answer (a) 23 W/K 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Cp=41 80 "J/kg.K" 
m=8 "kg/s" 

T 1 =1 5 "C" 

T2=15.2 "C" 

S_gen=m*Cp*ln((T2+273)/(T 1 +273)) "W/K" 

"Some Wrong Solutions with Common Mistakes:" 

W1 _Sgen=m*Cp*ln(T2/T 1 ) "Using deg. C" 

W2_Sgen=Cp*ln(T2/T1) "Not using mass flow rate with deg. C" 
W3_Sgen=Cp*ln((T2+273)/(T 1 +273)) "Not using mass flow rate with deg. C" 


7-260 Liquid water is to be compressed by a pump whose isentropic efficiency is 75 percent from 0.2 MPa to 5 MPa at a 
rate of 0.15 nrVmin. The required power input to this pump is 

(a) 4.8 kW (b) 6.4 kW (c) 9.0 kW (d)16.0kW (e) 12.0 kW 

Answer ( d) 16.0 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


V=0. 15/60 "m A 3/s" 
rho=1000 "kg/m A 3" 
v1=1/rho 
m=rho*V "kg/s" 

PI =200 "kPa" 

Eta_pump=0.75 
P2=5000 "kPa" 

"Reversible pump power input is w =mv(P2-P1) = V(P2-P1)" 

W_rev=m*v1 *(P2-P1 ) "kPa.m A 3/s=kW" 

W_pump=W_rev/Eta_pump 

"Some Wrong Solutions with Common Mistakes:" 

W1_Wpump=W_rev*Eta_pump "Multiplying by efficiency" 

W2_Wpump=W_rev "Disregarding efficiency" 

W3_Wpump=m*v1*(P2+P1)/Eta_pump "Adding pressures instead of subtracting" 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


7-212 


7-261 Steam enters an adiabatic turbine at 8 MPa and 500°C at a rate of 18 kg/s, and exits at 0.2 MPa and 300°C. The rate 
of entropy generation in the turbine is 

(a) 0 kW/K (b) 7.2 kW/K (c)21kW/K (d) 15 kW/K (e) 17 kW/K 

Answer (c) 21 kW/K 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PI =8000 "kPa" 

T 1 =500 "C" 
m=18 "kg/s" 

P2=200 "kPa" 

T2=300 "C" 

si =ENTROPY(SteamJAPWS,T=T1 ,P=P1 ) 
s2=ENTROPY(SteamJAPWS,T=T2,P=P2) 
S_gen=m*(s2-s1) "kW/K" 

"Some Wrong Solutions with Common Mistakes:" 
W1_Sgen=0 "Assuming isentropic expansion" 


7-262 Helium gas is compressed steadily from 90 kPa and 25°C to 800 kPa at a rate of 2 kg/min by an adiabatic 
compressor. If the compressor consumes 80 kW of power while operating, the isentropic efficiency of this compressor is 

(a)54.0% (b) 80.5% (c) 75.8% (t/) 90.1% (e) 100% 

Answer ( d) 90.1% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Cp=5.1 926 "kJ/kg-K" 

Cv=3.1 156 "kJ/kg.K" 
k=1 .667 
m=2/60 "kg/s" 

T1=25 "C" 

PI =90 "kPa" 

P2=800 "kPa" 

W_comp=80 "kW" 

T2s=(T1 +273)*(P2/P1 ) A ((k-1 )/k)-273 
W_s=m*Cp*(T2s-T 1 ) 

Eta_comp=W_s/W_comp 

"Some Wrong Solutions with Common Mistakes:" 

T2sA=T 1 *(P2/P1 ) A ((k-1 )/k) "Using C instead of K" 

W1 _Eta_comp=m*Cp*(T2sA-T 1 )/W_comp 
W2_Eta_comp=m*Cv*(T2s-T1)/W_comp "Using Cv instead of Cp" 
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7-263 ... 7-268 Design and Essay Problems 
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Solutions Manual for 


8-1 


Thermodynamics: An Engineering Approach 

Seventh Edition 

Yunus A. Cengel, Michael A. Boles 
McGraw-Hill, 201 1 


Chapter 8 

EXERGY - A MEASURE OF WORK 

POTENTIAL 
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8-6C No, not necessarily. The well with the higher temperature will have a higher exergy. 


8-7C The system that is at the temperature of the surroundings has zero exergy. But the system that is at a lower 
temperature than the surroundings has some exergy since we can run a heat engine between these two temperature levels. 


8-8C They would be identical. 


8-9C The second-law efficiency is a measure of the performance of a device relative to its performance under reversible 
conditions. It differs from the first law efficiency in that it is not a conversion efficiency. 


8-10C No. The power plant that has a lower thermal efficiency may have a higher second-law efficiency. 


8-11C No. The refrigerator that has a lower COP may have a higher second-law efficiency. 
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8-3 


8-12C A processes with W rev = 0 is reversible if it involves no actual useful work. Otherwise it is irreversible. 


8-13C Yes. 


8-14 Windmills are to be installed at a location with steady winds to generate power. The minimum number of windmills 
that need to be installed is to be determined. 


Assumptions Air is at standard conditions of 1 atm and 25 °C 
Properties The gas constant of air is 0.287 kPa.nrVkg.K (Table A-l). 

Analysis The exergy or work potential of the blowing air is the kinetic energy it possesses, 


Exergy = ke 



(6 m/s) 2 
2 


" 1 kJ/kg ^ 

v 1000 m 2 /s 2 y 


0.0 180 kJ/kg 


At standard atmospheric conditions (25 °C, 101 kPa), the density and 
the mass flow rate of air are 


P 

Jf 


lOlkPa 

(0.287 kPa • m 3 / kg • K)(298 K) 


= 1.18 m 3 / kg 


and 



m = pAV l = p — - — V 1 = (1.18 kg/m 3 )(^/ 4)(20 m) 2 (6 m/s) = 2225 kg/s 

Thus, 

Available Power = mke = (2225 kg/s)(0.0180 kJ/kg) = 40.05 kW 


The minimum number of windmills that needs to be installed is 


N = 


^total 

w 


900 kW 
40.05 kW 


= 22.5 = 23 windmills 
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8-15E Saturated steam is generated in a boiler by transferring heat from the combustion gases. The wasted work potential 
associated with this heat transfer process is to be determined. Also, the effect of increasing the temperature of combustion 
gases on the irreversibility is to be discussed. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis The properties of water at the inlet and outlet of the boiler and at the dead state are (Tables A-4E through A-6E) 

P x = 200 psia h x = h f = 355.46 Btu/lbm 
x x =0 (sat.liq.) s \ =s f = 0.54379 Btu/lbm- R 

P 2 = 200 psia 1 h 2 = h g = 1 198.8 Btu/lbm 

x 2 =1 (sat.vap.) j s 2 = 1.5460 Btu/lbm R 

T 0 = 80°F \h 0 = h fmo o F = 48.07 Btu/lbm 

P 0 = 14.7 psia J s 0 — $ /@ 80 °f = 0.09328 Btu/lbm R 

The heat transfer during the process is 

q xn = h 2 ~h\ = 1 198.8 -355.46 = 843.3 Btu/lbm 
The entropy generation associated with this process is 

■Sgen = + A S R =(S 2 -S X )-^- 

1 R 

= (1 .5460 - 0.5 43 7 9) Btu/lbm • R - 843 - 3Btu/lbm 

(500 + 460)R 

= 0.12377 Btu/lbm -R 

The wasted work potential (exergy destruction is) 

*dest = Vgen = (80 + 460 R)(0. 12377 Btu/lbm • R) = 66.8 Btu/lbm 

The work potential (exergy) of the steam stream is 
^V / w = h 2- h \- T o( s 2~ s i) 

= (1 1 98.8 - 3 5 5. 46) Btu/lbm - (540 R)(l .5460 - 0.54379)Btu/lbm • R 
= 302.1 Btu/lbm 

Increasing the temperature of combustion gases does not effect the work potential of steam stream since it is determined by 
the states at which water enters and leaves the boiler. 

Discussion This problem may also be solved as follows: 

Exergy transfer by heat transfer: 

( T \ ( S40 3 

*heat = q 1 — - = (843.3) 1 = 368.9 Btu/lbm 

l t r ) V 960/ 

Exergy increase of steam: 

A y/ w = 302.1 Btu/lbm 

The net exergy destruction: 

X dest = X heat ~ ^ { / / w = 368.9-302.1 = 66.8 Btu/lbm 
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8-16 Water is to be pumped to a high elevation lake at times of low electric demand for use in a hydroelectric turbine at 
times of high demand. For a specified energy storage capacity, the minimum amount of water that needs to be stored in the 
lake is to be determined. 


Assumptions The evaporation of water from the lake is negligible. 

Analysis The exergy or work potential of the water is the potential energy it 
possesses, 

Exergy = PE = mgh 


Thus, 


PE 5xl0 6 kWh 

( 3600 s^j 

1000 m 2 / s 2 ' 

gh (9.8m/s 2 )(75m) 

l 1 h J 

^ 1 kW • s/kg 


= 2.45x10 10 kg 



8-17 A body contains a specified amount of thermal energy at a specified temperature. The amount that can be converted to 
work is to be determined. 


Analysis The amount of heat that can be converted to work is simply 
the amount that a reversible heat engine can convert to work, 


7 th, 


rev 


x To t 298 K 
800 K 


T 


H 


w, 


max, out 


^re v,out 7 th, rev Q in 

= (0.6275)(100 kJ) 

= 62.75 kj 


0.6275 



8-18 The thermal efficiency of a heat engine operating between specified temperature limits is given. The second-law 
efficiency of a engine is to be determined. 


Analysis The thermal efficiency of a reversible heat engine operating 
between the same temperature reservoirs is 


7th, 


rev 


= 1 


Tr 


T 


= 1 


H 


293 K 

1200 + 273 K 


= 0.801 


Thus. 


7n = 


7th 


7th, 


rev 


0.40 

0.801 


= 49.9% 



PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


8-6 


8-19 A heat reservoir at a specified temperature can supply heat at a specified rate. The exergy of this heat supplied is to be 
determined. 


Analysis The exergy of the supplied heat, in the rate form, is the amount 
of power that would be produced by a reversible heat engine, 

1 T 0 , 298 K n0ft10 

'7th,max ='7th,rev = - = 0.8013 

1 j-j 1 Z)UU Jv 

Exergy = W mmouX = fV KVtOUt = ?7th,rev0m 
= (0.8013)(150,000/ 3600 kJ/s) 

= 33.4 kW 



8-20 



A heat engine receives heat from a source at a specified temperature at a specified rate, and 


heat to a sink. For a given power output, the reversible power, the rate of irreversibility, and the 2 
determined. 


nd 


law 


rejects the waste 
efficiency are to be 


Analysis (a) The reversible power is the power produced by a reversible heat engine operating between the specified 
temperature limits, 


T 320 K 

'7th, max = >7th,rev = 1 ~ = 1 " = 0 ' 7091 

^rcv.out = ^th.rcvfin = (0.7091 )(400 kJ/s) = 283.6 kW 

(b) The irreversibility rate is the difference between the reversible 
power and the actual power output: 

1 = JT rev?out - W u out = 283.6 - 120 = 163.6 kW 

(c) The second law efficiency is determined from its definition, 



mi = 


W, 


u,out 


w. 


rev, out 


120 kW 
283.6 kW 


= 0.423 = 42.3% 
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8-21 



Problem 8-20 is reconsidered. The effect of reducing the temperature at which the waste heat is rejected on the 


reversible power, the rate of irreversibility, and the second law efficiency is to be studied and the results are to be plotted. 
Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

T_H= 1 1 00 [K] 

Q_dot_H= 400 [kJ/s] 

{T 1=320 [K]} 

W_dot_out = 1 20 [kW] 

T_Lsurr =25 [C] 

"The reversible work is the maximum work done by the Carnot Engine between T_H and T_L:" 

Eta_Carnot=1 - T_L/T_H 

W_dot_rev=Q_dot_H*Eta_Carnot 

"The irreversibility is given as:" 
l_dot = W_dot_rev-W_dot_out 

"The thermal efficiency is, in percent:" 

Eta_th = Eta_Carnot*Convert(, %) 

"The second law efficiency is, in percent:" 

Eta_ll = W_dot_out/W_dot_rev*Convert(, %) 


Tl [K] 

W rev [kJ/s] 

1 [kJ/s] 

mi [%] 

500 

218.2 

98.18 

55 

477.6 

226.3 

106.3 

53.02 

455.1 

234.5 

114.5 

51.17 

432.7 

242.7 

122.7 

49.45 

410.2 

250.8 

130.8 

47.84 

387.8 

259 

139 

46.33 

365.3 

267.2 

147.2 

44.92 

342.9 

275.3 

155.3 

43.59 

320.4 

283.5 

163.5 

42.33 

298 

291.6 

171.6 

41.15 
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Tin [%] I [kJ/s] W rev [kJ/s] 


8-8 



T L [K] 



Tl [K] 



t l [K] 
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8-22E The thermal efficiency and the second-law efficiency of a heat engine are given. The source temperature is to be 
determined. 


Analysis From the definition of the second law efficiency, 

^th 




7 n = 


7 th, 


rev 


-> 7 th, rev = “ = S = a60 
rj n 0.60 



HEi 


Thus, 


7 th, rev — 1 


T 


7 th = 36 % 
rju = 60 % 


L 


T 


*T h =T l /(I - /7 th , rev ) = (530 R)/0.40 = 1325 R 


530 R 


H 


8-23 A house is maintained at a specified temperature by electric resistance heaters. The reversible work for this heating 
process and irreversibility are to be determined. 

Analysis The reversible work is the minimum work required to accomplish this process, and the irreversibility is the 
difference between the reversible work and the actual electrical work consumed. The actual power input is 


W m = Q out =Q h = 50,000 kJ/h = 13.89 kW 

The COP of a reversible heat pump operating between the 
specified temperature limits is 


COP 


1 


1 


HP, rev 


1 ~T l /T h 1-277.15/298.15 


= 14.20 


Thus, 


W, 


Qh 


rev, in 


COP 


HP, rev 


13.89 kW 
14.20 


= 0.978 kW 


and 



/ = W u in - W revin =13.89 - 0.978 = 12.91 kW 
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8-24E A freezer is maintained at a specified temperature by removing heat from it at a specified rate. The power 
consumption of the freezer is given. The reversible power, irreversibility, and the second-law efficiency are to be 
determined. 


8-10 


Analysis (a) The reversible work is the minimum work required to accomplish this task, which is the work that a 
reversible refrigerator operating between the specified temperature limits would consume, 


COP 


1 


1 


R,rev 


w. 


T h / Tj - 1 535/480-1 

Q, 75 Btu/min f 


rev, in 


COP* 


R,rev 


8.73 


= 8.73 


lhp 


42.41 Btu/min 


= 0.20 hp 


(b) The irreversibility is the difference between the reversible work and the 
actual electrical work consumed, 

^ = <in-^rev,in= 0-70 -0.20 = 0.50 h P 

(c) The second law efficiency is determined from its definition, 


(^5°F^) 


© 


0.70 hp 



*7n = 


W 

rr rev 

w 

rr u 


0.20 hp 
0.7 hp 


= 28.9% 


8-25 A geothermal power produces 5.1 MW power while the exergy destruction in the plant is 7.5 MW. The exergy of the 
geothermal water entering to the plant, the second-law efficiency of the plant, and the exergy of the heat rejected from the 
plant are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Water properties 
are used for geothermal water. 

Analysis ( a ) The properties of geothermal water at the inlet of the plant and at the dead state are (Tables A-4 through A-6) 


7j = 150°C 
x x = 0 


h x = 632.18kJ/kg 
s x = 1.8418 kJ/kg.K 


T 0 =25°CU 0 =104.83 kJ/kg 
x 0 = 0 s 0 = 0.36723 kJ/kg.K 


The exergy of geothermal water entering the plant is 
X m =m[h l -h 0 - T 0 (S) -s„] 

= (210 kg/s)[(632. 1 8 - 104.83) kJ/kg - (25 + 273 K)(1.8418 - 0.36723)kJ/kg.K] 
= 1 8,460 kW = 18.46 MW 


(b) The second-law efficiency of the plant is the ratio of power produced to the exergy input to the plant 


*1 n = 


W. 


out 


X: 


in 


5100 kW 
18,460 kW 


= 0.276 = 27.6% 


(c) The exergy of the heat rejected from the plant may be determined from an exergy balance on the plant 
Aeat,out = Tn - Kut - ^dest = 18,460 - 5100 - 7500 = 5864 kW = 5.86 MW 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



8-11 


8-26 It is to be shown that the power produced by a wind turbine is proportional to the cube of the wind velocity and the 
square of the blade span diameter. 

Analysis The power produced by a wind turbine is proportional to the kinetic energy of the wind, which is equal to the 
product of the kinetic energy of air per unit mass and the mass flow rate of air through the blade span area. Therefore, 

Wind power = (Efficiency)(Kinetic energy)(Mass flow rate of air) 

V \ a r/\ V2 TtD 2 

= ^7 wind —(P AV ) = ^7 wind ~ P V 

kV D .3 2 

= V wind P = (Constant )F\D“ 

O 

which completes the proof that wind power is proportional to the cube of the wind velocity and to the square of the blade 
span diameter. 
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Exergy Analysis of Closed Systems 


8-12 


8-27C Yes, it can. For example, the 1st law efficiency of a reversible heat engine operating between the temperature limits 
of 300 K and 1000 K is 70%. However, the second law efficiency of this engine, like all reversible devices, is 100%. 


8-28 A fixed mass of helium undergoes a process from a specified state to another specified state. The increase in the useful 
energy potential of helium is to be determined. 

Assumptions 1 At specified conditions, helium can be treated as an ideal gas. 

2 Helium has constant specific heats at room temperature. 

Properties The gas constant of helium is R = 2.0769 kJ/kg.K (Table A-l). The 
constant volume specific heat of helium is c v = 3.1 156 kJ/kg.K (Table A-2). 

Analysis From the ideal-gas entropy change relation, 

T v 

s 2 -si =c In— 7- + -^ In — 

T \ v\ 

= (3.1156 kJ/kg • K) In -LLL + (2.0769 kJ/kg • K) In 0-5 ™ — = -3.087 kJ/kg • K 

288 K 3m 3 /kg 


He 
8 kg 
288 K 


The increase in the useful potential of helium during this process is simply the increase in exergy, 

®2 “®i =~m[(u i -u 2 )-T 0 (s l -s 2 ) + P 0 ( i/j -v 2 )] 

= -(8 kg) {(3.1 156 kJ/kg • K)(288 - 353) K - (298 K)(3.087 kJ/kg • K) 

+ (100 kPa)(3 - 0.5)m 3 / kg[kJ/kPa • m 3 ]} 

= 6980 kj 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



8-13 


8-29E Air is expanded in an adiabatic closed system with an isentropic efficiency of 95%. The second law efficiency of the 
process is to be determined. 

Assumptions 1 Kinetic and potential energy changes are negligible. 2 The process is adiabatic, and thus there is no heat 
transfer. 3 Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 0.240 Btu/lbm-R, c v = 0. 171 Btu/lbm-R, k= 1.4, and R = 
0.06855 Btu/lbm-R (Table A-2Ea). 

Analysis We take the air as the system. This is a closed system since no mass crosses the boundaries of the system. The 
energy balance for this system can be expressed as 

= A E, 


p '\n p out 


system 


Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

- W h ou t = AC/ = mc v (T 2 - T x ) 
The final temperature for the isentropic case is 


T 2s = Tx 


r p 


V P x J 


= (560 R) 


. . \ 0.4/ 1.4 

15 psia 



150psia 

The actual exit temperature from the isentropic relation is 


= 290.1 R 


?i = 


t,-t 2 

P ~T 2 s 


T 2 = T x - ii(T x - T 2s ) = 560 -(0.95)(560- 290.1) = 303.6 R 
The boundary work output is 

w b0 ut =C V (T X -r 2 ) = (0.171 Btu/lbm -R)(5 60 -303. 6)R = 43.84 Btu/lbm 

The entropy change of air is 

As • = c „ In — - R In ^ >2 



air 


P 


T, 


P, 


= (0.240 Btu/lbm • R)ln 3 ° 3 ; 6R - (0.06855 Btu/lbm • R)ln 1 5 pSia 


560 R 

= 0.0 1 09 1 Btu/lbm • R 

The exergy difference between states 1 and 2 is 
<K -<h. = u \ ~ U 2 + / o( ,/ l -‘ / 2)- 7 o(' s 1 ~ s 2) 


150 psia 


- c v(T\ -T 2 ) + P 0 R 


ZL_Zk 

y p x p 2j 


Tq(s\ s 2 ) 


= 43.84 Btu/lbm + (14.7 psia)(0. 06855 Btu/lbm-R) 


A 560 R 303.6 R x 


150 psia 15 psia 


- (537 R)(-0.0 1 09 1 Btu/lbm • R) 


= 33.07 Btu/lbm 

The useful work is determined from 


% = w b, out - w surr = C v ( T l - T l) - P o( v 2 - v l) = C v ( T l - T l) - P 0 R 


' t 2 _t^ 

y p 2 p \j 


= 43.84 Btu/lbm - (14.7 psia)(0. 06855 Btu/lbm • R) 


303.6 R 560 R 


15 psia 150 psia 


= 27.21 Btu/lbm 

The second law efficiency is then 


w. 


mi = 


27.21 Btu/lbm 


A (j> 33.07 Btu/lbm 


0.823 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



8-14 


8-30E Air and helium at specified states are considered. The gas with the higher exergy content is to be identified. 

Assumptions 1 Kinetic and potential energy changes are negligible. 2 Air and helium are ideal gases with constant specific 
heats. 

Properties The properties of air at room temperature are c p = 0.240 Btu/lbm-R, c v = 0. 171 Btu/lbm-R, k= 1.4, and R = 
0.06855 Btu/lbm-R = 0.3704 psia-ft 3 /lbm-R. For helium, c p = 1.25 Btu/lbm-R, c v = 0.753 Btu/lbm-R, k= 1.667, andi? = 
0.4961 Btu/lbm-R= 2.6809 psia-ft 3 /lbm-R. (Table A-2E). 

Analysis The mass of air in the system is 

P(/ (100psia)(15ft 3 ) 


m - 


= 5.704 lbm 


RT (0.3704 psia -ft 3 /lbm-R)(710R) 

The entropy change of air between the given state and the dead state is 

T P 

s - s 0 = c „ In R In 



p 


T 


o 


P 


0 


= (0.240 Btu/lbm • R)ln - (0.06855 Btu/lbm • R)ln 1 °° pSm 


537 R 

= -0.0644 1 Btu/lbm • R 

The air’s specific volumes at the given state and dead state are 

u = «*- = (°- 37 04 P s ia ft 3 /lbm R)(710 R) = ^ ft 3 /lbm 
P 100 psia 

RT 0 (0.3704 psia • ft 3 /lbm • R)(537 R) 


14.7 psia 


c/ 0 = 


P k 


= 13.53 ft 3 /lbm 


o 14.7 psia 

The specific closed system exergy of the air is then 

</> = u-u 0 + P 0 (v-v 0 )-T 0 (s -s 0 ) 

= c v {T - T 0 ) + P 0 (v - v 0 ) - T 0 (s - s 0 ) 

= (0.171 Btu/lbm • R)(300 - 77)R + (14.7 psia)(2.630 - 1 3.53)ft 3 /lbm 

- (537 RX-0.06441) Btu/lbm • R 
= 34.52 Btu/lbm 

The total exergy available in the air for the production of work is then 
® = m(/) = (5.704 lbm)(34.52 Btu/lbm) = 197 Btu 


1 Btu 


5.404 psia • ft 


We now repeat the calculations for helium: 


P V 


m = 


(60psia)(20 ft 3 ) 


RT (2.6809 psia • ft 3 /lbm • R)(660 R) 


= 0.6782 lbm 


T P 

s - Sn = c n In R In — 

P T 0 P 0 

= (1.25 Btu/lbm • R)ln - (0.496 1 Btu/lbm • R)ln 60 PSm 


537 R 


14.7 psia 


= -0.4400 Btu/lbm-R 


RT 

v = 

P 


(2.6809 psia • ft 3 /lbm • R)(660 R) 
60 psia 


= 29.49 ft 3 /lbm 


Helium 
20 ft 3 
60 psia 
200°F 
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8-15 


i/ 0 = 


RT 0 (2.6809 psia • ft 3 /lbm • R)(537 R) 


Pn 


14.7 psia 


= 97.93 ft 3 /lbm 


= u-u Q +P 0 (v-v 0 )-T 0 (s-s 0 ) 

= ~T 0 ) + P 0 (v - v 0 ) -T 0 (s - s 0 ) 

= (0.753 Btu/lbm • R)(200 - 77)R + (14.7 psia)(29.49 - 97.93)ft 3 /lbm 

- (537 R)(-0.4400) Btu/lbm • R 
= 142.7 Btu/lbm 


1 Btu 

5.404 psia • ft 


O = m(/) = (0.6782 lbm)( 142.7 Btu/lbm) = 96.8 Btu 

Comparison of two results shows that the air system has a greater potential for the production of work. 
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8-31 Steam and R-134a at the same states are considered. The fluid with the higher exergy content is to be identified. 
Assumptions Kinetic and potential energy changes are negligible. 

Analysis The properties of water at the given state and at the dead state are 


8-16 


P = 800 kPa 

r = i80°c 

T 0 = 25°C 
P 0 = lOOkPa 


u = 2594.7 kJ/kg 

(/ = 0.24720 m 3 /kg (Table A -6) 

s = 6.7155 kJ/kg K 

u.q =lu f@25°c ~ 104.83 kJ/kg 

t/ 0 = Vf@ 25 °c = 0.001003 m 3 /kg (Table A -4) 

*0 — s f @ 25 °c - 0.3672 kJ/kg • K 


Steam 
1 kg 
800 kPa 
180°C 


The exergy of steam is 

O = m[u-u 0 + P 0 (v-v 0 )-T 0 (s-s 0 )] 


= (1 kg) 


(2594.7 -104.83)kJ/kg + (100 kPa)(0.24720-0.001003)m 3 /kg 


lkJ 

1 kPa -m 


- (298 K)(6.7155 - 0.3672)kJ/kg • K 

622.7 kJ 


For R-134a; 


P = 800 kPa 
T = 180°C 


T 0 = 25°C 
P 0 = lOOkPa 


u = 386.99 kJ/kg 

t/ = 0.044554 m 3 /kg (Table A -13) 

5 = 1 .3327 kJ/kg • K 

Uq =Lll f@25°C = kJ/kg 

c / 0 = Vf@ 25°c = 0.0008286 m 3 /kg (Table A -11) 
s 0 = Sf@ 25 °c = 0.32432 kJ/kg • K 


R-134a 
1 kg 
800 kPa 
180°C 


O = m[u-u 0 +P 0 (t/-c/ 0 )-r 0 (^-^ 0 )_ 


= (1 kg) 


(386.99 - 85.85)kJ/kg + (100 kPa)(0.044554 - 0.0008286)m 3 /kg 


lkJ 

1 kPa -m 


- (298 K)( 1 .3327 - 0.32432)kJ/kg • K 

= 5.02 kJ 


The steam can therefore has more work potential than the R-134a. 
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8-32 A cylinder is initially filled with R-134a at a specified state. The refrigerant is cooled and condensed at constant 
pressure. The exergy of the refrigerant at the initial and final states, and the exergy destroyed during this process are to be 
determined. 

Assumptions The kinetic and potential energies are negligible. 

Properties From the refrigerant tables (Tables A-l 1 through A- 13), 

t/j = 0.034875 m 3 / kg 
u x = 274.01 kJ/kg 
s x = 1.0256 kJ/kg -K 

. i/o = 0.0008261 m 3 

P 2 = 0.7 MPa 
T 2 = 24°C 


P x = 0.7 MPa 
T x = 60°C 


(/ 2 = Vf@ 24 °c = 0.0008261 m /kg 
\ 11 2 — u f@ 24°c = 84.44 kJ/kg 
s 2 = s f@2 4 °c = 0.3 1958 kJ/kg -K 



Q 


P 0 = 0.1 MPa 


T 0 = 24°C 


t/ 0 = 0.23718m 3 /kg 


u 0 =25 1.84 kJ/kg 
s 0 = 1.1033 kJ/kg -K 

Analysis {a) From the closed system exergy relation, 

X 1 =0! =m{(u l -u 0 )-T 0 (s l -5 0 ) + P 0 (i/ 1 -i/ 0 )} 

= (5 kg) {(274.0 1-25 1.84) kJ/kg - (297 K)(1.0256- 1.1033) kJ/kg K 

f lkJ A 


+ ( 100 kPa)(0. 034875 - 0.23718)m /kg 

= 125.1 kj 


1 kPa -m 


} 


and 


X 2 -® 2 -m{(u 2 Uq) T 0 (s 2 5 , q) + T > 0 ((/ 2 c/ 0 )} 

= (5 kg){(84.44 - 25 1 .84) kJ/kg - (297 K)(0.3 1958 - 1 .1033) kJ/kg • K 

lkJ 


+ (100 kPa)(0. 000826 1 - 0.237 1 8)m /kg 

= 208.6 kj 


lkPa-m 


} 


(b) The reversible work input, which represents the minimum work input W rey2m in this case can be determined from the 
exergy balance by setting the exergy destruction equal to zero, 


^fout 

V, j 

V 

Net exergy traisfer 
by heat, work, and mass 


y <^0 (reversibb) _ \y 

^destroyed — system 


Exergy Change 

destruction in exergy 

W revm =X 2 -X x = 208.6 - 125. 1 = 83.5 kJ 


Noting that the process involves only boundary work, the useful work input during this process is simply the boundary 
work in excess of the work done by the surrounding air, 


K, m = w m - w sun , m =W m -r 0 (V ] -V 2 ) = /w, - 1/ 2 ) - p 0 m( Vl - U 2 ) 


= m(P-P 0 )(v t -v 2 ) 

= (5 kg)(700 - 100 kPa)(0. 034875 - 0.0008261 m 3 / kg) 


lkJ 


lkPa-m 3 


= 102.1 kJ 


Knowing both the actual useful and reversible work inputs, the exergy destruction or irreversibility that is the difference 
between the two is determined from its definition to be 


^destroyed = I = ~ ^rev,in = 102.1- - 83.5 = 18.6 kj 
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8-33E An insulated rigid tank contains saturated liquid-vapor mixture of water at a specified pressure. An electric heater 
inside is turned on and kept on until all the liquid is vaporized. The exergy destruction and the second-law efficiency are to 
be determined. 


Assumptions Kinetic and potential energies are negligible. 

Properties From the steam tables (Tables A-4 through A-6) 

= i t f +X 1 v fg = 0. 01 708 + 0. 25 x(l 1.901 -0.01 708) = 2.9880 ft 3 /lbm 
= u f +x x Uj- g = 227.92 + 0.25x862.19 = 443.47 Btu/lbm 
= s f +x x s fg = 0.38093 + 0.25 x 1 .30632 = 0.7075 1 Btu / lbm • R 


P x = 35 psia 
jcj = 0.25 


i/. 


> u 


{/ 2 ={/ \ \ Ul U g@v g = 2.9880 ft 3 /lbm 

sat. vapor J s 2 - S g @v = 2 . 9880 ft 3 /lbm 

© 


= 1 1 10.9 Btu/lbm 
= 1.5692 Btu/lbm- R 


Analysis {a) The irreversibility can be determined from its definition 
^destroyed = T$S gen where the entropy generation is determined from an entropy 
balance on the tank, which is an insulated closed system, 

v . _ c + c = a S' 

u in ^out ; 1 ‘-'gen system 

Net entropy transfer Entropy Change 
by heat and mass generation in entropy 

^gen — ^ system — m ( s 2 ~ s \ ) 



Substituting, 

^destroyed = ^O^gen =m ^o( s 2 ~ S l) 

= (6 lbm)(535 R)( 1 .5692 - 0.7075 1 )Btu/lbm • R = 2766 Btu 

( b ) Noting that V= constant during this process, the W and W u are identical and are determined from the energy balance on 
the closed system energy equation, 

^in — ^out — system 

V v / V V ' 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

K,in =A U = m(u 2 —U\) 


or, 


W eM = (6 lbm)(l 1 10.9 - 443.47)Btu/lbm = 4005 Btu 


Then the reversible work during this process and the second-law efficiency become 


+ev.in = +,i„ - ^ destroyed = 4005 - 2766 = 1239 Btu 


Thus, 


*ln = 


_ 1239 Btu = 




4005 Btu 
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8-34 A rigid tank is divided into two equal parts by a partition. One part is filled with compressed liquid while the other 
side is evacuated. The partition is removed and water expands into the entire tank. The exergy destroyed during this process 
is to be determined. 


Assumptions Kinetic and potential energies are negligible. 
Analysis The properties of the water are (Tables A-4 through A-6) 


P x = 200 kPa 
T x = 80°C 


Vi = t/ /@so°c =0.001029 in 3 / kg 
> u x = Uf@ S0 o C = 334.97 kJ/kg 

o C = 1.0756 kJ/kg -K 


s, = s 


f@ 80 


Noting that i/ 2 =2^ = 2 x 0.001029 = 0.002058m 3 /kg , 


200 kPa 


:::-80-°o: 

Vacuum 

/water: 



P 2 = 40 kPa 

i/ 2 = 0.002058m 3 /kg 


^2 - Vf 0.002058 - 0.001026 _ AAAACO/1 

x 2 = — = = 0.0002584 

v fg 3.9933-0.001026 

u 2 = u f + x 2 u =317.58 + 0.0002584 x 2158.8 = 318.14 kJ/kg 
s 2 = s f +x 2 s fg = 1.0261 + 0.0002584x6.6430 = 1.0278 kJ/kg -K 


Taking the direction of heat transfer to be to the tank, the energy balance on this closed system becomes 


^in ^out — system 

V V V V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


(2 in = At/ = m(u 2 -Mj) 


or 


Q. m = (4 kg)(3 18.14 - 334.97)kJ/kg = -67.30 kJ -> Q ou{ = 67.30 kJ 

The irreversibility can be determined from its definition destroyed = ToSgcn where the entropy generation is determined from 
an entropy balance on an extended system that includes the tank and its immediate surroundings so that the boundary 
temperature of the extended system is the temperature of the surroundings at all times, 


Sin-^out + 

V. J 

C 

gen 

system 

Net entropy transfer 

Entropy 

AT 

Change 

by heat and mass 

generation 

in entropy 

£?out 

T 

1 b,out 

- + S gen 

— AS S y sXem — 

°gen 

= m(s 2 


Q 


out 


P 


surr 


Substituting, 

V 


- T S - T 

destroyed 0 gen 0 


m(s 2 - s x ) + 


Qout 
T. 


sun - y 


= (298 K) 


(4 kg)(1.0278 - 1.0756)kJ/kg • K + 


67.30 kJ 
298 K 


= 10.3 kJ 
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8-35 



Problem 8-34 is reconsidered. The effect of final pressure in the tank on the exergy destroyed during the 


process is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


T_1=80 [C] 
P_1=200 [kPa] 
m=4 [kg] 
P_2=40 [kPa] 
T_o=25 [C] 
P_o=100 [kPa] 
T surr = T o 


"Conservation of energy for closed system is:" 

EJn - E_out = DELTAE 
DELTAE = m*(u_2 - u_1) 

E_in=0 

Eout= Qout 

u_1 =intenergy(steam_iapws,P=P_1 ,T=T_1 ) 
v_1 =volume(steamJapws,P=P1 ,T=T_1) ^ 

si =entropy(stearn_iapws,P=P_1,T=T_1) z* 

v 2 = 2*v_1 s 

u_2 = intenergy(steam_iapws, v=v_2,P=P_2) o 

s_2 = entropy(steamJapws, v=v2,P=P2) 

SJn -S_out+S_gen=DELTAS_sys 
S_in=0 [kJ/K] 

S_out=Q_out/(T_surr+273) 

DELTAS_sys=m*(s_2 - s_1) 

X_destroyed = (T_o+273)*S_gen 



p 2 

[kPal 

^destroyed 

fkJl 

Qout 

[kJl 

5 

74.41 

788.4 

10 

64.4 

571.9 

15 

53.8 

435.1 

20 

43.85 

332.9 

25 

34.61 

250.5 

30 

25.99 

181 

35 

17.91 

120.7 

40 

10.3 

67.15 

45 

3.091 

18.95 
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8-36 An insulated cylinder is initially filled with saturated liquid water at a specified pressure. The water is heated 
electrically at constant pressure. The minimum work by which this process can be accomplished and the exergy destroyed 
are to be determined. 

Assumptions 1 The kinetic and potential energy changes are negligible. 2 The cylinder is well-insulated and thus heat 
transfer is negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The compression or expansion 
process is quasi-equilibrium. 

Analysis (a) From the steam tables (Tables A-4 through A-6), 


u , = u 


f @120 


kPa = 439.27 kJ/ kg 


P x = 120 kPa 
sat. liquid 


u \ ={/ f@ i 20 kPa = 0.001047 m /kg 
K — hf @120 kPa = 439.36 kJ/kg 
s i = s f@\2QkPa = 1-3609 kJ/kg • K 


The mass of the steam is 


V 


0.008 m 




Saturated 

Liquid 

H 2 0 


m = 


0.001047 m 3 /kg 


= 7.639 kg 


§ P= 120 kPa 


W, 


We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The energy 
balance for this stationary closed system can be expressed as 

= AE, 


E{ n ^out 


system 


Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

W^-W hjaat =MJ 

Km =m(h 2 - V) 

since A U + W b = AH during a constant pressure quasi-equilibrium process. Solving for h 2 , 

1400 kJ 


W. 


h 2 =h x -\ — — = 439.36 + 


= 622.63 kJ/kg 


m 


Thus, 


x 2 = 


7.639 kg 
h 2 -h f 622.63-439.36 


P 2 =120 kPa 
h 2 = 622.63 kJ/kg 


h 


fg 


2243.7 


= 0.08168 


^ s 2 =s f +x 2 s fg = 1.3609 + 0.08 168 x 5.93687 = 1.8459 kJ/kg -K 
u 2 =u f + x 2 u r - 439.24 + 0.08 168 x 2072.4 = 608.52 kJ/kg 


'/ ™2 "fg 

v 2 =v f +X 2 v fg =0.001047 + 0.08168 X (1.4285 -0.001047) = 0.1 176 m 3 /kg 

The reversible work input, which represents the minimum work input W rev , in in this case can be determined from the exergy 
balance by setting the exergy destruction equal to zero, 


Y — Y — Y ^ (reversibfe) _ \y . U 7 — Y — Y 

^in ^out ^destroyed Z - X/L system ' ^revjn ^2 ^1 


Net exergy traisfer 
by heat, work, and mass 


Exergy 

destructicn 


Change 
in exergy 


Substituting the closed system exergy relation, the reversible work input during this process is determined to be 
+ev,in = -m[(U\ -U 2 )-T 0 ( Si -S 2 ) + P 0 ((/, - V 2 )] 

= -(7.639 kg) {(439.27 - 608.52) kJ/kg - (298 K)(1.3609 - 1.8459) kJ/kg • K 

+ (100 kPa)(0.001047 - 0.1 176)m 3 /kg[l kJ/1 kPa • m 3 ]} 

= 278 kJ 

(b) The exergy destruction (or irreversibility) associated with this process can be determined from its definition ^destroyed 
r 0 Agen where the entropy generation is determined from an entropy balance on the cylinder, which is an insulated closed 
system, 


s m -s 0 ut + 5 

y j L 

Net entropy transfer 
by heat and mass 


gen 


= AS 


system 


Entropy 

generation 


Change 
in entropy 


^gen ^ system ,n ( s 2 ^l) 


Substituting, 

^destroyed = ^ g en =™T 0 (s 2 - ) = (298 K)(7.639 kg)(l .8459 - 1 .3609)kJ/kg . K = 1104 kJ 
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8-37 



Problem 8-36 is reconsidered. The effect of the amount of electrical work on the minimum work and the exergy 


destroyed is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


x_1=0 

P_1=120 [kPa] 

V=8 [L] 

P_2=P_1 

{W_Ele= 1400 [kJ]} 

T_o=25 [C] 

P 00 [kPa] 

"Conservation of energy for closed system is:" 

EJn - E_out = DELTAE 
DELTAE = m*(u_2 - u_1) 

E_in=W_Ele 
E out= W_b 
W_b = m*P_1*(v_2-v_1) 
u_1 =intenergy(steam_iapws,P=P_1 ,x=x_1) 
v_1 =volume(steamJapws,P=P_1 ,x=x_1 ) 
s_1 =entropy(steamJapws,P=P_1,x=x_1) 
u_2 = intenergy(steam_iapws, v=v_2,P=P_2) 
s_2 = entropy(steam_iapws, v=v_2,P=P_2) 
m=V*convert(L,m A 3)/v_1 2 

W_revjn=m*(u_2 - u_1 -(T_o+273.15) “ 

*(s_2-s_1 )+P_o*(v_2-v_1 )) 1 

c 

im 

a 

"Entropy Balance:" J? 

SJn - S_out+S_gen = DELTAS_sys 
DELTAS_sys = m*(s_2 - s_1) 

S_in=0 [kJ/K] 

S_out= 0 [kJ/K] 

"The exergy destruction or irreversibility is:" 
X_destroyed = (T_o+273.15)*S_gen 




w Ele 

[kJ] 

W re v,in 

[kJ] 

^destroyed 

[kJ] 

0 

0 

0 

200 

39.68 

157.8 

400 

79.35 

315.6 

600 

119 

473.3 

800 

158.7 

631.1 

1000 

198.4 

788.9 

1200 

238.1 

946.7 

1400 

277.7 

1104 

1600 

317.4 

1262 

1800 

357.1 

1420 

2000 

396.8 

1578 
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8-38 An insulated cylinder is initially filled with saturated R-134a vapor at a specified pressure. The refrigerant expands in 
a reversible manner until the pressure drops to a specified value. The change in the exergy of the refrigerant during this 
process and the reversible work are to be determined. 

Assumptions 1 The kinetic and potential energy changes are negligible. 2 The cylinder is well-insulated and thus heat 
transfer is negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The process is stated to be reversible. 

Analysis This is a reversible adiabatic (i.e., isentropic) process, and thus s 2 = s\. From the refrigerant tables (Tables A-l 1 
through A- 13), 


P x = 0.8 MPa 
sat. vapor 


1 Ul 

> u x 

J *1 


= l/ g@o.8MPa = 0.02562 m 3 /kg 
= u g@ o.8 MPa = 246.79 kJ/kg 
= ^@0.8 MPa = 0.9183 kJ/kg • K 


The mass of the refrigerant is 


V 

m = — 


0.05 m 3 

0.02562 m 3 / kg 


= 1.952 kg 


i 

$ 777777777777777777777 % 


R-134a 
0.8 MPa 
Reversible 


x 2 


P 2 = 0.2 MPa 

S 2 =S j 


r ^2 

u 2 


_ s 2 ~ s f _ 0-9183-0.15457 _ Q9?53 
s fg 0.78316 

= v f + x 2 v fg = 0.0007533 + 0.099867 x (0.099867 - 0.0007533) = 0.09741 m 3 /kg 
= u f +x 2 u fg = 38.28 + 0.9753x186.21 = 219.88kJ/kg 


The reversible work output, which represents the maximum work output JF rev ,out can be determined from the exergy balance 
by setting the exergy destruction equal to zero, 


-^in ^out 

V j 

V 

Net exergy traisfer 
by heat, work, and mass 


-X. 


(reversibb) 


destroyed 


Exergy 

destruction 


_ AF 

system 

y J 

v 

Change 
in exergy 


-W„ = X 2 -X x 
W^ m = X x -X 2 
= Oj — o 2 


Therefore, the change in exergy and the reversible work are identical in this case. Using the definition of the closed system 
exergy and substituting, the reversible work is determined to be 


W t =<D, -O. = 

rev, out 1 2 


= m\u x -u 2 )-T 0 (s l -s 2 P +P 0 (V! -v 2 )J= /«[(«! -u 2 ) + P 0 (v l -v 2 )] 


= (1.952 kg)[(246.79 - 219.88) kJ/kg + (100 kPa)(0.02562 - 0.09741)m 3 / kg[kJ/kPa • m 3 ] 

= 38.5 kj 
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8-39E Oxygen gas is compressed from a specified initial state to a final specified state. The reversible work and the 
increase in the exergy of the oxygen during this process are to be determined. 

Assumptions At specified conditions, oxygen can be treated as an ideal gas with constant specific heats. 

Properties The gas constant of oxygen is R = 0.06206 Btu/lbm.R (Table A- IE). The constant-volume specific heat of 
oxygen at the average temperature is 


r avg =(T X +T 2 )/2 = (75 + 525) / 2 = 300°F >c VfJlyg = 0.1 64 Btu/lbm R 

Analysis The entropy change of oxygen is 


s i — 


C v, avg 


f T \ 

1 2 

+ R In 

/ 4 

t/ 2 



J 


= (0.164 Btu/lbm • R) ln| 
= -0.02894 Btu/lbm -R 


985 R 
535 R 


+ (0.06206 Btu/lbm -R) In 


1.5 ft 3 /lbm 
12 ft 3 /lbm 



The reversible work input, which represents the minimum work input W rey - m in this case can be determined from the exergy 
balance by setting the exergy destruction equal to zero, 

y _ y _ y (reversibb) _ \y v us _ y _ y 

^out ^destroyed system ~~ r ^revjn ^2 -'M 

^ v 1 V V ' ' V ' 

N et exergy transfer Exergy Change 

by heat, work, and mass destructicn in exergy 

Therefore, the change in exergy and the reversible work are identical in this case. Substituting the closed system exergy 
relation, the reversible work input during this process is determined to be 

^ rev, in = </> 2 ~ =4+ “« 2 ) “ ^0 (^l “ *2 ) + + +1 “ v 2 )] 

= -{(0. 164 Btu/lbm- R)(535 - 985)R - (535 R)(0.02894 Btu/lbm- R) 

+ (14.7 psia)( 1 2 - 1 ,5)ft 3 /lbm[Btu/5 .403 9 psia • ft 3 ] } 

= 60.7 Btu/lbm 

Also, the increase in the exergy of oxygen is 
(t> 2 -<f>\ = w rev in = 60.7 Btu/lbm 
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8-40 A cylinder initially contains air at atmospheric conditions. Air is compressed to a specified state and the useful work 
input is measured. The exergy of the air at the initial and final states, and the minimum work input to accomplish this 
compression process, and the second-law efficiency are to be determined 

Assumptions 1 Air is an ideal gas with constant specific heats. 2 The kinetic and potential energies are negligible. 

Properties The gas constant of air is R = 0.287 kPa.m 3 /kg.K (Table A-l). The specific heats of air at the average 
temperature of (298+423)/2=360 K are c p = 1.009 kJ/kg-K and c v = 0.722 kJ/kg-K (Table A-2). 

Analysis (a) We realize that X x = Oj = 0 since air initially is at the dead state. The mass of air is 


and 


m — 


PM _ (100 kPa)(0.002 m 3 ) 

RT t (0.287 kPa • m 3 /kg- K)(298K) 


= 0.00234 kg 


Also, 


w 2 m 

T 2 t x 


^ (lOOkPa X423H 73L 

- P 2 T x (600 kPa)(298 K) 


S 2 S 0 ~ 


T P 

c^.avg In — -^In- 


i', 


0 


p, 


0 


= (1 .009 kJ/kg • K) In - (0.287 kJ/kg • K) In 6 °° kPa 


298 K 


100 kPa 


= -0.1 608 kJ/kg-K 




AIR 
Pi=2L 
P x = 100 kPa 
J, = 25°C 


Thus, the exergy of air at the final state is 

X 2 =® 2 =m k, avg (T 2 - T 0 ) - T 0 (s 2 - s 0 )J+ P 0 (t/ 2 - 1/ 0 ) 

= (0.00234 kg)[(0.722 kJ/kg • K)(423 - 298)K - (298 K)(-0. 1608 kJ/kg • K)] 
+ (100 kPa)(0. 000473 - 0.002)m 3 [kJ/m 3 • kPa] 

= 0.171 kj 


(b) The minimum work input is the reversible work input, which can be determined from the exergy balance by setting the 
exergy destruction equal to zero, 

y _ y _ y 710 (reversibfe) _ \y 

^ in ^ out ^ destroyed — system 

v v ' V J \ J 

Net exergy transfer Exergy Change 

by heat, work, and mass destruction in exergy 

w Tev , n =x 2 -x l 

= 0.171-0 = 0.171kJ 

(c) The second-law efficiency of this process is 


mi 


W • 

rev, in 

w 

rr u,in 


0.171 kJ 
1.2 kJ 


= 14.3% 
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8-41 An insulated tank contains C0 2 gas at a specified pressure and volume. A paddle-wheel in the tank stirs the gas, and 
the pressure and temperature of C0 2 rises. The actual paddle-wheel work and the minimum paddle-wheel work by which 
this process can be accomplished are to be determined. 


Assumptions 1 At specified conditions, C0 2 can be treated as an ideal gas with 
constant specific heats at the average temperature. 2 The surroundings 
temperature is 298 K. 

Properties The gas constant of C0 2 is 0.1889 kJ/kg-K (Table A-l) 

Analysis (a) The initial and final temperature of C0 2 are 


T,= 


t 2 = 


m 

mR 

P 2 V 2 


(100 kPa)( 1.2 m 3 ) 


(2.13 kg)(0. 1889 kPa-m 3 /kg-K) 
(120 kPa)( 1.2 m 3 ) 


mR (2.13 kg)(0.1889kPa • m 3 / kg-K) 


= 298.2 K 


= 357.9 K 


'&//////////////////////& 


1.2 nr 
2.13 kg 
C0 2 
100 kPa 


i 


w, 


pw 




T avg =(T\+T 2 )/ 2 = (298.2 + 357.9) 12 = 328 K >c l/javg = 0.684 kJ/kg-K (Table A-2 b) 

The actual paddle-wheel work done is determined from the energy balance on the CO gas in the tank, 

We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 

fin ~ ^out — system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

W pwM =AU = mc v (T 2 -T l ) 


or 

FF pwin = (2.13 kg)(0. 684 kJ/kg • K)(357.9-298.2)K = 87.0kJ 


(b) The minimum paddle-wheel work with which this process can be accomplished is the reversible work, 
which can be determined from the exergy balance by setting the exergy destruction equal to zero, 

Y — Y — Y ^ (reversibfe) _ \y tj/ — Y — Y 

fMn ^out ^ destroyed system ' "revjn ^2 ^1 

** v 1 V V ' ' V ' 

N et exergy traisfer Exergy Change 

by heat, work, and mass destructicn in exergy 


Substituting the closed system exergy relation, the reversible work input for this process is determined to be 

Key, in = m («2 “ u \ )- T o(s 2 ~S l ) + P Q (t /f ~ l/j ) 

= m C Vf avg (T 2 - ^ ) - T 0 (S 2 - )] 

= (2.13 kg)[(0.684 kJ/kg • K)(357.9- 298.2)K - (298.2)(0. 1253 kJ/kg • K)] 

= 7.74 kj 


since 


So -S , - c 


t/,avg 


In 


c/ 


r, 




c/i 


f 


(0.684 kJ/kg-K) In 


v 


357.9 
298.2 K y 


0.1253 kJ/kg-K 
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8-42 An insulated cylinder initially contains air at a specified state. A resistance heater inside the cylinder is turned on, and 
air is heated for 10 min at constant pressure. The exergy destruction during this process is to be determined. 

Assumptions Air is an ideal gas with variable specific heats. 

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-l). 

Analysis The mass of the air and the electrical work done during this process are 


m = 


m 

RT X 


( 140 kPa)(0. 020 m 3 ) =Q() 

(0.287kPa • m 3 /kg • K)(300 K) 


W e = W e A t = (0. 100 kJ/s)(10x 60 s) = 60 kJ 


Also, 


T { = 300 K >h x = 300.19 kJ/kg and s? =1.70202 kJ/kg-K 

The energy balance for this stationary closed system can be expressed as 



^in ^out _ system 

" V ' V V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


w . - w , 


e,in 


b,out 


= A U 




since A U+ W b = AH during a constant pressure quasi-equilibrium process. Thus, 


W 

ho =h - 300.19 + 


60 kJ 


m 


0.03250 kg 


= 2146.3 kJ/kg TableA ~ 17 > 


T 2 = 1915 K 

.s 2 ° =3.7452 kJ/kg-K 


Also, 


s 2 ^l 



-R In 


f p ^ 
r 2 

V p \ J 




= 3.7452 - 1 .70202 = 2.0432 kJ/kg • K 


The exergy destruction (or irreversibility) associated with this process can be determined from its definition X destroycd = 
ToSgen where the entropy generation is determined from an entropy balance on the cylinder, which is an insulated closed 
system, 


+ £ 

Net entropy transfer 
by heat and mass 


Substituting, 


gen 


= AS 


system 


Entropy 

generation 


Change 
in entropy 


^gen system 2 ^1 ) 


^destroyed = T 0 S gen = mT 0 (s 2 - Sj ) = (0.03250 kg)(300 K)(2.0432 kJ/kg • K) = 19.9 kJ 
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8-43 One side of a partitioned insulated rigid tank contains argon gas at a specified temperature and pressure while the 
other side is evacuated. The partition is removed, and the gas fills the entire tank. The exergy destroyed during this process 
is to be determined. 


Assumptions Argon is an ideal gas with constant specific heats, and thus ideal gas relations apply. 
Properties The gas constant of argon is R = 0.2081 kJ/kg.K (Table A-l). 

Analysis Taking the entire rigid tank as the system, the energy balance can be expressed as 


^ in tout ^ ^system 

V V ' V V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

0 = A U — m{u 2 ~ U\) 

«2 = «1 -> T 2 = T \ 

since u = u(T) for an ideal gas. 

The exergy destruction (or irreversibility) associated with this process can be determined from its definition 
^destroyed = fo^gen where the entropy generation is determined from an entropy balance on the entire tank, which is an 
insulated closed system, 


I 


Argon 


300: kPa 


:-7Q 9 C 


Vacuum 




where 


c _ e 

° in ° out 


+ s 


gen 


= AS 


system 


Net entropy transfer Entropy Change 
by heat and mass generation in entropy 

e = a S 1 

^ gen system 


= m(s 2 ~s i) 


AS 


system 


= m(s 2 ~ S\) = m 


r T <P0 

c In — - — 

L t/,avg AA1 


V 


r, 


R\nA 

V, 


\ 


v 

= mR In — 

V, 


= (3 kg)(0.2081 kJ/kg • K)ln(2) = 0.433 kJ/K 


Substituting, 

^destroyed = T’o^gen = mT 0 (s 2 - s, ) = (298 K)(0.433 kJ/K) = 129 kj 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


8-29 


8-44E A hot copper block is dropped into water in an insulated tank. The final equilibrium temperature of the tank and the 
work potential wasted during this process are to be determined. 

Assumptions 1 Both the water and the copper block are incompressible substances with constant specific heats at room 
temperature. 2 The system is stationary and thus the kinetic and potential energies are negligible. 3 The tank is well- 
insulated and thus there is no heat transfer. 

Properties The density and specific heat of water at the anticipated average temperature of 90°F are p = 62.1 lbm/ft 3 and 
c p = 1.00 Btu/lbm.°F. The specific heat of copper at the anticipated average temperature of 100°F is c p = 0.0925 Btu/lbm.°F 
(Table A-3E). 

Analysis ( a ) We take the entire contents of the tank, water + copper block, as the system , which is a closed system. The 
energy balance for this system can be expressed as 

^in — ^out — system 

' V \ v V ' 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

0 = AU 
or 

A ^Cu + A ^water = 0 

[mc(T 2 -7\)] Cu +[mc(T 2 -7))] water = 0 

where 

m w = pi/ = (62.1 lbm/ft 3 )(1. 2 ft 3 ) = 74.52 lbm 
Substituting, 

0 = (55 lbm)(0.0925 Btu/lbm • °F)(r 2 - 180°F) + (74.52 lbm)(1.0 Btu/lbm • 0 F)(T 2 - 75°F) 

I 2 = 81.7°F = 541.7 R 


Water ••• 7-1 
75°F 




(b) The wasted work potential is equivalent to the exergy destruction (or irreversibility), and it can be determined from its 
definition X destroyed = T 0 S gen where the entropy generation is determined from an entropy balance on the system, which is an 
insulated closed system, 


where 


c _ c i v —AN 

~ in ° out ^ °gen LAkJ system 

Net entropy transfer Entropy Change 
by heat and mass generation in entropy 


*5 gen system water + copper 


^^copper 


r T \ 

2_2 

kTu 


= (55 lbm)(0.092 Btu/lbm • R) In 


^5 water ^^avg ^ 


r T \ 

1 2 


= (74.52 lbm)( 1 .0 Btu/lbm • R) In 


541.7 R 
640 R 

541.7 R 
535 R 


= -0.8483 Btu/R 


= 0.9250 Btu/R 


Substituting, 

X destroyed = (535 R)(-0.8483 + 0.9250)Btu/R = 43.1 Btu 
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8-45 A hot iron block is dropped into water in an insulated tank that is stirred by a paddle-wheel. The mass of the iron 
block and the exergy destroyed during this process are to be determined. V 

Assumptions 1 Both the water and the iron block are incompressible substances with constant specific heats at room 
temperature. 2 The system is stationary and thus the kinetic and potential energies are negligible. 3 The tank is well- 
insulated and thus there is no heat transfer. 

Properties The density and specific heat of water at 25°C are p = 997 kg/m 1 and c p = 4.18 kJ/kg.°F. The specific heat of 
iron at room temperature (the only value available in the tables) is c p = 0.45 kJ/kg.°C (Table A-3). 

Analysis We take the entire contents of the tank, water + iron block, as the system, which is a closed system. The energy 
balance for this system can be expressed as 


fin ^out system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


^fiw,in At/ Af/ iron +A£/ water 

^pw,in =[mc(T 2 - JOl.ron +[mc(T 2 -r^lwater 


where 


W water = pV = (997 kg/m 3 )(0. 1 m 3 ) = 99.7 kg 
W pw = JV pwin At = (0.2kJ/s)(20x60s) = 240 kJ 



Substituting, 

240 kJ = m iron (0.45 kJ/kg • °C)(24 - 85)°C + (99.7 kg)(4. 1 8 kJ/kg • °C)(24 - 20)°C 
^ iron =52.0 kg 


( b ) The exergy destruction (or irreversibility) can be determined from its definition A des t r0 yed = To5 gen where the entropy 
generation is determined from an entropy balance on the system, which is an insulated closed system, 


where 


v _ c _i_ c — an 

° in ° out ^ ° gen system 


Net entropy transfer Entropy Change 
by heat and mass generation in entropy 


fien AA S y Stem A5 iron + AS water 


^iron = 'WC’avg ln 


r T ^ 
zl 

vTi y 


= (52.0 kg)(0.45 kJ/kg • K) In 


AA water mc avg 


r T \ 

il 

\ T \ J 


= (99.7 kg)(4. 18 kJ/kg -K) ln 


297 K 
358 

297 K 
293 K 


= -4.371 kJ/K 


= 5.651 kJ/K 


Substituting, 

^destroyed =^ofien =(293 K)(-4.371 + 5.651)kJ/K = 375.0kJ 
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8-46 An iron block and a copper block are dropped into a large lake where they cool to lake temperature. The amount of 
work that could have been produced is to be determined. 

Assumptions 1 The iron and copper blocks and water are incompressible substances with constant specific heats at room 
temperature. 2 Kinetic and potential energies are negligible. 

Properties The specific heats of iron and copper at room temperature are c p , j ron = 0.45 kJ/kg.°C and chopper = 0.386 
kJ/kg.°C (Table A-3). 

Analysis The thermal-energy capacity of the lake is very large, and thus the temperatures of both the iron and the copper 
blocks will drop to the lake temperature (15°C) when the thermal equilibrium is established. 

We take both the iron and the copper blocks as the system, which is a closed system. The energy balance for this 
system can be expressed as 

fin ~ ^oih — system 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

- Cout =AU = AU iron + A <7 copper 
or, 

Qout =[>»c(T l -T 2 )] iron + [mc(T l -T 2 )\ copper 

Substituting, 

Q out = (50 kg)(0.45 kJ/kg • KX353 - 288)K + (20 kg)(0.386 kJ/kg • KX353 - 288)K 
= 1964 kJ 



The work that could have been produced is equal to the wasted work potential. It is equivalent to the exergy destruction (or 
irreversibility), and it can be determined from its definition ^destroyed = Tofien • The entropy generation is determined from an 
entropy balance on an extended system that includes the blocks and the water in their immediate surroundings so that the 
boundary temperature of the extended system is the temperature of the lake water at all times, 


where 


S m ~ S out + 

V J 

C 

gen 

system 

Net entropy transfer 

Entropy 

V 

Change 

by heat and mass 

generation 

in entropy 

^OLlt 

1 S’ 

— AS s y S t em — AS lron 

T 

1 b,out 

1 ‘-'gen 

C 

‘-'gen 

— AS [ron + AS copper 


Q 


out 


r, 


lake 


^-bron ^ 


r T \ 

zl 


= (50 kg)(0.45 kJ/kg • K)ln 


A-^'copper r,,c ;\\g 


r T ^ 
zl 


/ 288K X 
v 353 K y 

/ 


= -4.579 kJ/K 


= (20 kgX0.386 kJ/kg -K) In 


288 K 
353 K 


= -1.571 kJ/K 


Substituting 

X 


destroyed 


= r 0 S gen =(293K) 


-4.579-1.571 


1964 kJ 
288 K 


kJ/K = 196 kJ 
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8-47E A rigid tank is initially filled with saturated mixture of R- 134a. Heat is transferred to the tank from a source until the 
pressure inside rises to a specified value. The amount of heat transfer to the tank from the source and the exergy destroyed 
are to be determined. 

Assumptions 1 The tank is stationary and thus the kinetic and potential energy changes are zero. 2 There is no heat transfer 
with the environment. 

Properties From the refrigerant tables (Tables A-l IE through A-13E), 

u x = u f + x x u j g = 21.246 + 0.55 x 77.307 = 63.76 Btu/lbm 
s x = s f +x 1 s'y^ = 0.04688 + 0.55x0.17580 = 0.1436 Btu/ lbm- R 
v, =v f + Xl v fg =0.01232 + 0.55x1. 16368 = 0.65234 ft 3 /lbm 

_ ”2 ~v f _ 0.65234-0.01270 _ noim 

X'j — — — U.0I7I 

v fg 0.79361-0.01270 

s 2 =s f +x 2 s fg = 0.06029 + 0.8 191 x 0.16098 = 0.1922 Btu/lbm -R 
u 2 = u f +x 2 u f g = 27.939 + 0.8 191 x 73.360 = 88.03 Btu/lbm 


P x = 40 psia 
x x = 0.55 


P 2 = 60 psia 

+2 =V X ) 


Analysis (a) The mass of the refrigerant is 


1/ 

m = — 

v i 


12 ft 3 

0.65234 ft 3 / lbm 


18.40 lbm 


We take the tank as the system, which is a closed system. The energy 
balance for this stationary closed system can be expressed as 


^in ^oirt 

V 

Net energy transfer 
by heat, work, and mass 


A F 

system 

v. J 

V 

Change in internal, kinetic, 
potential, etc. energies 


Qm =AU = m(u 2 -ui) 



Substituting, 

Q m = m(u 2 - u x ) = (18.40 lbm)(88.03- 63.76) Btu/lbm -446.3 Btu 


(b) The exergy destruction (or irreversibility) can be determined from its definition destroyed = ToS gcn • The entropy 
generation is determined from an entropy balance on an extended system that includes the tank and the region in its 
immediate surroundings so that the boundary temperature of the extended system where heat transfer occurs is the source 
temperature, 


in ^ out 


On , 

^b,in 


Substituting 

X 


e 

°gen 

system 

Entropy 

Change 

generation 

in entropy 

+ Sgen 

— AS S y SXem — 

c 

0 gen 

= m(s 2 ~s t ) 




Q 


in 


P 


source 


destroyed 


= r 0 S gen =(535R) 


(18.40 lbm)(0.1922 - 0.1436)Btu/lbm • R 


446.3 Btu 
580 R 


= 66.5 Btu 
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8-33 


8-48 Chickens are to be cooled by chilled water in an immersion chiller that is also gaining heat from the surroundings. The 
rate of heat removal from the chicken and the rate of exergy destruction during this process are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Thermal properties of chickens and water are constant. 3 The 
temperature of the surrounding medium is 25°C. 

Properties The specific heat of chicken is given to be 3.54 kJ/kg.°C. The specific heat of water at room temperature is 4.18 
kJ/kg.°C (Table A-3). 

Analysis (a) Chickens are dropped into the chiller at a rate of 700 per hour. Therefore, chickens can be considered to flow 
steadily through the chiller at a mass flow rate of 

^chicken = (700 chicken/h)( 1 .6 kg/chicken) = 1 120 kg/h = 0.3111 kg/s 

Taking the chicken flow stream in the chiller as the system, the energy balance for steadily flowing chickens can be 
expressed in the rate form as 

z? _ p _ a 77 (steady) _ ^ /p _ 77 

f* in ^ out — system — u ^ in — ^ out 

v v ' v v ' 

Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

mh x = Q out + mh 2 (since Ake = Ape = 0) 

(^out — ^chicken — ^chicken (^1 ^2 ) 

Then the rate of heat removal from the chickens as they are cooled from 15°C to 3°C becomes 

Cchicken =(wc / ,A7’) chicken = (0.31 1 1 kg/s)(3.54 kj/kg.°C)(15-3)°C = 13.22 kW 

The chiller gains heat from the surroundings as a rate of 200 kJ/h = 0.0556 kJ/s. Then the total rate of heat gain by the 
water is 

Q water = Cchicken + Che at gain = 13.22 kW + (400/3600) kW = 13.33 kW 

Noting that the temperature rise of water is not to exceed 2°C as it flows through the chiller, the mass flow rate of water 
must be at least 


m 


Q 


water 


water 


(c p Ar) 


water 


13.33 kW 

(4. 1 8 kJ/kg.° C)(2° C) 


= 1.594 kg/s 


( b ) The exergy destruction can be determined from its definition ^destroyed = ToAgen- The rate of entropy generation during 
this chilling process is determined by applying the rate form of the entropy balance on an extended system that includes the 
chiller and the immediate surroundings so that the boundary temperature is the surroundings temperature: 

<P0 (steady) 


c _ e 

° in 0 out 


+ a 


gen 


= AS 


system 


Rate of net entropy transfer Rate of entropy 
by heat and mass generation 

Qn 


Rate of change 
of entropy 


m x s x + m 3 s 3 -m 2 s 2 -m 3 s 4 + in - + A gen = 0 


T 


surr 


^ chicken N ^ water ^3 ^chicken ^2 ^ water ^4 ~*" 


Gin 


7! 


Agen - 0 


surr 


^gen ^chicken (^2 ^ 1 ) ^ water 4 ^ 3 ) 


0in 


7! 


surr 


Noting that both streams are incompressible substances, the rate of entropy generation is determined to be 


1 T 2 • 

S non m — + m. 


gen chicken u p 111 ^ 1 '"water ^ p 

1 1 


, In ^ 


Qin 


T T 

1 3 1 surr 


Finally, 


/a 01111 /w^cit/i t/\ 1 276 275.5 (400/3600)kW 

= (0.3111 kg/s)(3 .54 kJ/kg.K) In + (1 .594 kg/s)(4. 1 8 kJ/kg.K) In 

288 273.5 298 K 

= 0.001306 kW/K 


^destroyed = f.Vcn = (298 K)(0.001306 kW/K) = 0.389 kW 
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8-49 Carbon steel balls are to be annealed at a rate of 2500/h by heating them first and then allowing them to cool slowly in 
ambient air at a specified rate. The total rate of heat transfer from the balls to the ambient air and the rate of exergy 
destruction due to this heat transfer are to be determined. 

Assumptions 1 The thermal properties of the balls are constant. 2 There are no changes in kinetic and potential energies. 3 
The balls are at a uniform temperature at the end of the process. 

Properties The density and specific heat of the balls are given to be p = 7833 kg/m and c p = 0.465 kJ/kg.°C. 

Analysis ( a ) We take a single ball as the system. The energy balance for this closed system can be expressed as 

fin ~ At — ^^system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies FUflltVC g 

-0out = At/ ball =m(u 2 -u t ) 

Sout “ mc p (T\ -T 2 ) 

The amount of heat transfer from a single ball is 

m = pV = p — = (7833 kg/m 3 ) ;r( ° , ° Q8m) = 0.00210 kg 
6 6 

Q out = me p (Tj -T 2 ) = (0.0021 kg)(0.465 kJ/kg.°C)(900 - 100)°C = 78 1 J = 0.78 1 kJ (per ball) 

Then the total rate of heat transfer from the balls to the ambient air becomes 



gout =fiaii0out = (1200 balls/h)x (0.78 lkJ/ball) = 936kJ/h = 260 W 

(b) The exergy destruction (or irreversibility) can be determined from its definition X destroyed = T 0 S gen . The entropy generated 
during this process can be determined by applying an entropy balance on an extended system that includes the ball and its 
immediate surroundings so that the boundary temperature of the extended system is at 35°C at all times: 


c _ c 

° in ° out 

V 

Net entropy transfer 
by heat and mass 


Q 


out 


Tu 


c 

°gen 

system 

Entropy 

Change 

generation 

in entropy 

: -1- V 

1 ^gen 

— AS S y S t em 


V C - 

gen 


Q 


out 


Tu 


AS 


system 


where 


T 


^system = m ( s 2 ~ s i) = mc P ln ~zr = (0.00210 kg)(0.465 kJ/kg.K)ln 


T, 


100 + 273 
900 + 273 


= -0.001 12 kJ/K 


Substituting, 


c - 

gen 


0 


out 


Tu 


AS 


system 


0.78 lkJ 
308 K 


0.001 12 kJ/K = 0.00142 kJ/K (per ball) 


Then the rate of entropy generation becomes 

*5 gen = fieiAaii = (0.00142 kJ/K • ball)(1200 balls/h) = 1.704 kJ/h.K = 0.000473 kW/K 

Finally, 

X destroyed = f(figen = (308 K)(0.000473 kW/K) = 0. 146 kW - 146 W 
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8-50 Heat is transferred to a piston-cylinder device with a set of stops. The work done, the heat transfer, the exergy 
destroyed, and the second-law efficiency are to be determined. 

Assumptions 1 The device is stationary and kinetic and potential energy changes are zero. 2 There is no friction between 
the piston and the cylinder. 3 Heat is transferred to the refrigerant from a source at 150°C. 

Analysis ( a ) The properties of the refrigerant at the initial and final states are (Tables A-l 1 through A- 13) 


P x = 120 kPa 
T x = 20°C 

P 2 = 140 kPa 
T 2 =90°C 


v, = 0.19390 m 3 /kg 

'u x = 248.5 lkJ/kg 
.s', = 1.0760 kJ/kg.K 

t/ 2 = 0.20847 m 3 /kg 

'u 2 = 305.38 kJ/kg 
J .s 2 =1.2553 kJ/kg.K 


Noting that pressure remains constant at 140 kPa as the piston 
moves, the boundary work is determined to be 

W hout = mP 2 (v 2 - i/j) = (0.75 kg)( 1 40 kPa)(0. 20847 - 0.19390)m 3 /kg = 1 .53 kJ 



(b) The heat transfer can be determined from an energy balance on the system 

Q m = m(u 2 ~u x ) + W h ouX = (0.75 kg)(305.38 -248.5 l)kJ/kg + 1.53 kJ = 44.2 kJ 


(c) The exergy destruction associated with this process can be determined from its definition ^destroyed = Wgen • The entropy 
generation is determined from an entropy balance on an extended system that includes the piston-cylinder device and the 
region in its immediate surroundings so that the boundary temperature of the extended system where heat transfer occurs is 
the source temperature, 


A* in — A* out + 

C 

^gen^ 

system 

Net entropy transfer 

Entropy 

V 

Change 

by heat and mass 

generation 

in entropy 

Sin 

^b,in 

-+ 

i ‘-'gen 

— ^^gystem — 


C 

‘-'gen 

<N 

W 

II 


Q 


in 


71 


source 


9 


Substituting, 


^"destroyed “ ^O^gen - (^.98 K) 


(0.75 kg)(l .2553 - 1 .0760)kJ/kg • K 


44.2 kJ 


150 + 273 K 


= 8.935 kJ 


(d) Exergy expended is the work potential of the heat extracted from the source at 150°C, 


X 


expended 


- Xq - /7 t h, rev Q ~ 


Tr 


T 


Q = 


H J 


25 + 273 K 
150 + 273 K 


(44.2 kJ) = 13.06 kJ 


Then the 2 nd law efficiency becomes 


*7ii = 


X 

X 


recovered 


= 1 


expended 


X 

X 


destroyed 

expended 


= 1 


8.935 kJ 
13.06 kJ 


= 0.316 or 31.6% 


Discussion The second-law efficiency can also be determine as follows: 

The exergy increase of the refrigerant is the exergy difference between the initial and final states, 

A X = m[u 2 -Mj -T 0 (s 2 -.s’,)+P 0 (i / 2 -</,)] 

= (0.75 kg)[(305 .38- 248.5 l)kJ/kg -(298 K)(1.2553-1.0760)kg.K + (100kPa)(0.20847-0.19390)m 3 /kg] 
= 3.666 kJ 


The useful work output for the process is 

W Ui out = fVb.out - mP Q (i/ 2 -1/0 = 1 .53 kJ - (0.75 kg)(100 kPa)(0.20847 - 0. 19390)m 3 /kg = 0.437 kJ 
The exergy recovered is the sum of the exergy increase of the refrigerant and the useful work output, 
Recovered = AV + lk u , out = 3.666 + 0.437 = 4.103 kJ 


Then the second-law efficiency becomes 

= Recovered = 4. 103 kJ = Q ^ ^ ^ ^ A% 
^ expended 13.06 kJ 
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8-51 A tank containing hot water is placed in a larger tank. The amount of heat lost to the surroundings and the exergy 
destruction during the process are to be determined. 


Assumptions 1 Kinetic and potential energy changes are negligible. 2 Air is an ideal gas with constant specific heats. 3 The 
larger tank is well-sealed. 

Properties The properties of air at room temperature are R = 0.287 kPa.m /kg.K, c p = 1.005 kJ/kg.K, c v = 0.718 kJ/kg.K 
(Table A-2). The properties of water at room temperature are p = 997 kg/m 3 , c w = 4.18 kJ/kg.K (Table A-3). 


Analysis (a) The final volume of the air in the tank is 
t / 2 =v al -v w =0.04-0.015 = 0.025 m 3 
The mass of the air in the large tank is 

,. = *= < 100kPa > |004m3 > = 0.04724 kg 

RT al (0.287 kPa-m 3 /kg-K)(22 + 273 K) 

The pressure of air at the final state is 




m a RT a2 _ (0.04724 kg)(0.287kPa-m 3 /kg-K)(44+ 273 K) 
K,2 0.025 m 3 


171.9 kPa 


The mass of water is 

m w = PwK = (997 kg/m 3 )(0.015m 3 ) = 14.96 kg 


An energy balance on the system consisting of water and air is used to determine heat lost to the surroundings 

Qout = ~[m w cJT 2 - T wl ) + m a c v (T 2 - T a] )] 

= -(14.96 kg)(4.18 kJ/kg.K)(44 - 85) - (0.04724 kg)(0.718 kJ/kg.K)(44 - 22) 

= 2563 kJ 


( b ) An exergy balance written on the (system + immediate surroundings) can be used to determine exergy destruction. But 
we first determine entropy and internal energy changes 


AS = m e InTi = (14.96kg)(4.18kJ/kg.K)ln (85 + 273)K 
M w w r, 5 5 (44 + 273) K 


7.6059 kJ/K 


A S a = m a 


i T 

c p ln T 


a\ 


R ln 


P 


a 1 


P 7 


= (0.04724 kg) 


(1.005 kJ/kg.K)ln 


= 0.003931 kJ/K 


(22 + 273) K 
(44 + 273)K 


(0.287 kJ/kg.K)ln 


100 kPa 
171.9 kPa 


A U w = m w cJT Uv - T 2 ) = (14.96 kg)(4.18 kJ/kg.K)(85 - 44)K = 2564 kJ 
A U a = m a c v (T la - T 2 ) = (0.04724 kg)(0.718 kJ/kg.K)(22 - 44)K = -0.7462 kJ 


A"dest - AA" W + AX a 

= A U w - T 0 AS W + A U a - T 0 AS a 

= 2564 kJ - (295 K)(7.6059 kJ/K) + (-0.7462 kJ) - (295 K)(0.00393 1 kJ/K) 

= 318.4 kJ 
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Exergy Analysis of Control Volumes 

8-52 R-134a is is throttled from a specified state to a specified pressure. The temperature of R- 134a at the outlet of the 
expansion valve, the entropy generation, and the exergy destruction are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat transfer is negligible. 

(a) The properties of refrigerant at the inlet and exit states of the throttling valve are (from R134a tables) 

P l =1200kPal Aj =1 17.77 kJ/kg 
x x =0 J S\ = 0.4244 kJ/kg -K 

P 2 = 200 kPa 1 T 2 = -10.1°C 

h 2 =h { = 1 17.77 kJ/kg J s 2 = 0.4562 kJ/kg • K 

(b) Noting that the throttling valve is adiabatic, the entropy generation is determined from 

^ gen = S 2 - s l = (0.4562 - 0.4244)kJ/kg • K = 0.03176 kJ/kg • K 

Then the irreversibility (i.e., exergy destruction) of the process becomes 
ex dest = r 0 Sg en = (298 K)(0.03 176 kJ/kg • K) = 9.464 kJ/kg 
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8-53 Heium expands in an adiabatic turbine from a specified inlet state to a specified exit state. The maximum work output 
is to be determined. 


Assumptions 1 This is a steady- flow process since there is no change with time. 2 The device is adiabatic and thus heat 
transfer is negligible. 3 Helium is an ideal gas. 4 Kinetic and potential energy changes are negligible. 


Properties The properties of helium are c p = 5.1926 kJ/kg.K and R = 2.0769 kJ/kg.K (Table A-l). 


Analysis The entropy change of helium is 


r»i„^2 


-s* = c n In R In 

1 fy m 




R 


= (5.1926 kJ/kg • K) In 
= 2.2295 kJ/kg • K 


298 K 
573 K 


(2.0769 kJ/kg -K) In 


100 kPa 
1500 kPa 


The maximum (reversible) work is the exergy difference between the inlet and exit states 

w rev,out = K - h 2 -T 0 (s { - S 2 ) 

= c p(T\ i ~T 2 )~ T 0 (si -s 2 ) 

= (5.1926 kJ/kg • K)(300 - 25)K - (298 K)(-2.2295 kJ/kg • K) 

= 2092 kJ/kg 


1500 kPa 
300°C 



There is only one inlet and one exit, and thus m x = m 2 = m . We take the turbine as the system, which is a control volume 
since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form as 


17 _ r? _ a fp ^10 (steady) 

^in ^out — system 

Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in — ^out 

mh x = fV out + Q out + mh 2 

Kut =m(h x -h 2 )-Q 0 ut 
Wout =( /? i -h 2 )-q oui 


Inspection of this result reveals that any rejection of heat will decrease the work that will be produced by the turbine since 
inlet and exit states (i.e., enthalpies) are fixed. 

If there is heat loss from the turbine, the maximum work output is determined from the rate form of the exergy 
balance applied on the turbine and setting the exergy destruction term equal to zero, 

y _ y _ y ^ (reversibfe) _ * jr ^ (steady) _ 

p- in ^ out ^ destroyed — system — ^ 

Rate of net exergy traisfer Rate of exergy Rate of change 

by heat, work, and mass destructicn of exergy 

K 

my/ x 

^rev,out 


V J J 


=x 


out 


— W 4- ( ) 

,r rev, out 1 i^out 


f 7 1 \ 
1 0 


1- 


T 


+ my/ 2 


= (v\ ~y / 2)~ c ioux 


f r r ^ 


1 


T 


= (h x -h 2 )-T 0 (s x -s 2 )-q out 


' To) 


1- 


T 


Inspection of this result reveals that any rejection of heat will decrease the maximum work that could be produced by the 
turbine. Therefore, for the maximum work, the turbine must be adiabatic. 
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8-54 Air is compressed steadily by an 8-kW compressor from a specified state to another specified 
increase in the exergy of air and the rate of exergy destruction are to be determined. 

Assumptions 1 Air is an ideal gas with variable specific heats. 2 Kinetic and potential energy changes are 

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-l). From the air table (Table A- 17) 


state. The 
negligible. 


T x = 290 K > h x = 290.16 kJ/kg 

s\ - 1.66802 kJ/kg-K 

T 2 = 440 K > h 2 =441.61 kJ/kg 

s 2 = 2.0887 kJ/kg-K 

Analysis The increase in exergy is the difference between the exit and 
inlet flow exergies, 

Increase in exergy -y/ 2 -y/ x 

= [(h 2 -h x ) + Ake^ + Ape ^ -r o (^ 2 _ ^i)] 
= (h 2 -h x )-T 0 (s 2 -s x ) 

where 


600 kPa 
167°C 



17°C 


s 2 N 


= (s°-s?)-R\nA- 

M 

= (2.0887 - 1 .66802)kJ/kg • K - (0.287 kJ/kg • K) In 
= -0.09356 kJ/kg-K 


600 kPa 
100 kPa 


Substituting, 


Increase in exergy = y/ 2 -y/ x 

= [(44 1 .6 1 - 290. 1 6)kJ/kg - (290 K)(-0.09356 kJ/kg • K)] 

= 178.6 kJ/kg 


Then the reversible power input is 


W tew fr=m(y/ 2 ~Y\) = (2. 1/ 60 kg/s)( 178.6 kJ/kg) = 6.25 kW 


( b ) The rate of exergy destruction (or irreversibility) is determined from its definition, 
^destroyed = K ~ W r ^ m = 8 - 6.25 = 1.75 kW 
Discussion Note that 1.75 kW of power input is wasted during this compression process. 
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8-55 



Problem 8-54 is reconsidered. The problem is to be solved and the actual heat transfer, its direction, the 


minimum power input, and the compressor second-law efficiency are to be determined. 
Analysis The problem is solved using EES, and the solution is given below. 


Function Direction$(Q) 

If Q<0 then Direction$='ouf else Direction$='in' 
end 

Function Violation$(eta) 

If eta>1 then Violation$='You have violated the 2nd Law!!!!!' else Violation$=" 
end 

{"Input Data from the Diagram Window" 

T_1=17 [C] 

P_1=100 [kPa] 

W_dot_c = 8 [kW] 

P_2=600 [kPa] 

Sdotgen=0 

Q_dot_net=0} 

{"Special cases" 

T_2=167 [C] 
m_dot=2.1 [kg/min]} 

T_o=T_1 

P_o=P_1 

m_dotJn=m_dot*Convert(kg/min, kg/s) 

"Steady-flow conservation of mass" 

mdotin = mdotout 

"Conservation of energy for steady-flow is:" 

E_dot_in - E_dot_out = DELTAE_dot 
DELTAE_dot = 0 

EdotJn=Qdotnet + m_dot_in*h_1 +W_dot_c 

"If Q_dot_net < 0, heat is transferred from the compressor" 

E_dot_out= m_dot_out*h_2 
hi =enthalpy(air,T=T_1) 
h_2 = enthalpy(air, T=T_2) 

Wd otn et= - W_d otc 

W_dot_rev=-m_dot_in*(h_2 - h_1 -(T_1+273.15)*(s_2-s_1)) 

"Irreversibility, entropy generated, second law efficiency, and exergy destroyed:" 
s_1=entropy(air, T=T_1,P=P_1) 
s_2=entropy(air,T=T_2,P=P_2) 
s_2s=entropy(air,T =T_2s, P=P_2) 

s_2s=s_1"This yields the isentropic T_2s for an isentropic process bewteen T_1 , P_1 and 
P_2"l_dot=(T_o+273.15)*S_dot_gen"lrreversiblility for the Process, KW" 
S_dot_gen=(-Q_dot_net/(T_o+273.15) +m_dotJn*(s_2-s_1)) "Entropy generated, kW" 
EtaJI=W_dot_rev/W_dot_net"Definition of compressor second law efficiency, Eq. 7_6" 
h_o=enthalpy(air,T =T_o) 
s_o=entropy(air,T=T_o,P=P_o) 

Psi_in=h_1-h_o-(T_o+273.15)*(s_1-s_o) "availability function at state 1" 
Psi_out=h_2-h_o-(T_o+273.15)*(s_2-s_o) "availability function at state 2" 

X_dotJn=PsiJn*m_dot_in 
X_dot_out=Psi_out*m_dot_out 
D E LT AX_d ot =X_d ot_i n -Xd ot_o u t 

"General Exergy balance for a steady-flow system, Eq. 7-47" 

(1 -(T_o+273. 1 5)/(T_o+273. 1 5))*Q_dot_net-W_dot_net+m_dotJn*Psi_in - m_dot_out*Psi_out =X_dot_dest 
"For the Diagram Window" 

T ext$=Direction$(Q_dot_net) 

Text2$=Violation$(Eta_ll) 
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nn 

1 [kW] 

X dest [kW] 

T 2s [C] 

T 2 [C] 

One, [kW] 

0.7815 

1.748 

1.748 

209.308 

167 

-2.7 

0.8361 

1.311 

1.311 

209.308 

200.6 

-1.501 

0.8908 

0.874 

0.874 

209.308 

230.5 

-0.4252 

0.9454 

0.437 

0.437 

209.308 

258.1 

0.5698 

1 

1.425E-13 

5.407E-15 

209.308 

283.9 

1.506 


How can entropy decrease? 




tin 



Till 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


8-56 Steam is decelerated in a diffuser. The second law efficiency of the diffuser is to be determined. 
Assumptions 1 The diffuser operates steadily. 2 The changes in potential energies are negligible. 
Properties The properties of steam at the inlet and the exit of the diffuser are (Tables A-4 through A-6) 


8-42 


P x = 500 kPa 
T x = 200°C 


h x = 2855.8 kJ/kg 
s x =7.0610 kJ/kg -K 


P 2 = 200 kPa 
x 2 = 1 (sat. vapor) 


h 2 = 2706.3 kJ/kg 
s 2 =7. 1270 kJ/kg -K 


Analysis We take the diffuser to be the system, which is a control volume. The energy balance for this steady- flow system 
can be expressed in the rate form as 


^out 


= A E 


<P0 (steady) 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

m(h x + V X 2 /2) = m(h 2 +V 2 2 /2) 


v 2 2 ~ Vi 2 
2 


500 kPa 
200°C 
30 m/s 


= h x -h 2 = Ake 


actual 


Substituting, 

Ake a^uai =h x -h 2 = 2855.8 - 2706.3 = 149.5 kJ/kg 

An exergy balance on the diffuser gives 


Y — y 
^Mn ^out 

v. j 

V 

Rate of net exergy traisfer 
by heat, work, and mass 


y 710 (reversibfe) _ \y 710 (steady) _ 

^ destroyed — system — u 


Rate of exergy 
destructicn 


Rate of change 
of exergy 


^in — ^out 


my/ x = my/ 2 

V? V 2 

h x - Jiq + — - - s 0 ) = h 2 - /? 0 + — - T 0 (s 2 - s 0 ) 


vt-v? 


— = K-h 2 -TQ(s x -s 2 ) 


2 

Ake r ev - h x - h 2 - Pq(s x -s 2 ) 


> H 2 0 


200 kPa 
sat. vapor 


Substituting, 

Ak e rev = h\ ~h 2 ~T 0 (s x -S 2 ) 

= (2855.8 - 2706.3)kJ/kg - (298 K)(7.06 1 0 - 7. 1270) kJ/kg • K 
= 169.2 kJ/kg 

The second law efficiency is then 

Ake tu i 149.5 kJ/kg _ ... 

Ake rev 169.2 kJ/kg 
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8-57 Air is accelerated in a nozzle while losing some heat to the surroundings. The exit temperature of air and the exergy 
destroyed during the process are to be determined. 

Assumptions 1 Air is an ideal gas with variable specific heats. 2 The nozzle operates steadily. 

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-l). The properties of air at the nozzle inlet are (Table A- 
17) 


T x = 338 K 


» h x = 338.40 kJ/kg 
s\ = 1.8219 kJ/kg • K 


Analysis (a) We take the nozzle as the system, which is a control volume. The energy balance for this steady-flow system 
can be expressed in the rate form as 


^in -^out 

V 

Rate of net energy transfer 
by heat, work, and mass 


A 77 71 0 (steady) 

system 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 


^in — ^out 

m(h l +V l 2 /2) = m(h 2 + vl/2) + Q out 


or 


3 kJ/kg 



35 m/s — ► AIR — ► 240 m/s 



0 = <7 out + h 2 ~ h \ + 


vl -V\ 
2 


Therefore, 


>h = h \ ~ <7out - 


v 2 - v l_ = 338 40 _ 3 _ (240 m/s) 2 - (35 m/s) 


2 


1 kJ/kg 


U000 m 2 Is 2 ) 


= 307.21 kJ/kg 


At this h 2 value we read, from Table A- 1 7, T 2 = 307.0 K = 34.0°C and s 2 = 1 .725 1 kJ/kg • K 


( b ) The exergy destroyed during a process can be determined from an exergy balance or directly from its definition 
^destroyed = S gen where the entropy generation S gQn is determined from an entropy balance on an extended system that 

includes the device and its immediate surroundings so that the boundary temperature of the extended system is T surr at all 
times. It gives 


*-*in ^ out 


+ 


S’ 


gen 


— AC ^° - 0 

— Lao S y S tem — u 


Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 


ms ) - ms 


Q 


out 


71 


+ ^gcn - 0 


b,surr 


‘S'gen = '”02 -«l) + 


Q 


out 


T, 


surr 


where 


P 


Ay a ir — ^2 -s x - R\n — = (1 .725 1 - 1 .82 1 9)kJ/kg • K - (0.287 kJ/kg • K) In 

P\ 


95 kPa 
200 kPa 


= 0.1 169 kJ/kg -K 


Substituting, the entropy generation and exergy destruction per unit mass of air are determined to be 


destroyed ^0 $ g en ^ surr $ 


= T« 


gen 

r ^ 

„ „ . Q surr 

s 2 - s x + 


V 


T. 


surr J 


= (290 K)f 0.1 169 kJ/kg • K + 3 U/kg 
1 290 K 


A 


= 36.9 kJ/kg 
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Alternative solution The exergy destroyed during a process can be determined from an exergy balance applied on the 
extended system that includes the device and its immediate surroundings so that the boundary temperature of the extended 
system is environment temperature Jo (or J surr ) at all times. Noting that exergy transfer with heat is zero when the 
temperature at the point of transfer is the environment temperature, the exergy balance for this steady-flow system can be 
expressed as 


^in ^out ^destroyed ^^system ^ ^ ^destroyed ^ in ^ out dll//\ fh \j/ 2 \ \ff 2) 

f -J -J 

Rate of net exergy trmsfer Rate of exergy Rate of change 

by heat, work, and mass destructicn of exergy 


= w[(/?| -h 2 )-T 0 (s l -s 2 )- Me- Ape^°] = m[T 0 (s 2 -s{)-(h 2 + Me)] 

= m[T {) (s 2 - jj) + ^ out ] since, fromenergybalance, - q out = h 2 - J\ + Me 


= T„ 


m(s 2 -s l ) + 


Q 


out 


Tr 


~ ^O^gen 


0 J 


Therefore, the two approaches for the determination of exergy destruction are identical. 
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8-58 



Problem 8-57 is reconsidered. The effect of varying the nozzle exit velocity on the exit temperature and exergy 


destroyed is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"Knowns:" 

WorkFluid$ = 'Air' 

P[1] = 200 [kPa] 

T[1] -65 [C] 

P[2] = 95 [kPa] 

Vel[1] = 35 [m/s] 

{Vel[2] = 240 [m/s]} 

T_o = 17 [C] 

T_surr = To 
qjoss = 3 [kJ/kg] 

"Conservation of Energy - SSSF energy balance for nozzle -- neglecting the change in potential energy:" 

h[1]=enthalpy(WorkFluid$,T=T[1]) 

s[1]=entropy(WorkFluid$,P=P[1],T=T[1]) 

ke[1] = Vel[1] A 2/2 

ke[2]=Vel[2] A 2/2 

h[1]+ke[1]*convert(m A 2/s A 2, kJ/kg) = h[2] + ke[2]*convert(m A 2/s A 2,kJ/kg)+q_loss 

T[2]=temperature(WorkFluid$,h=h[2]) 

s[2]=entropy(WorkFluid$,P=P[2],h=h[2]) 

"The entropy generated is detemined from the entropy balance:" 
s[1] - s[2] - q_loss/(T_surr+273) + s_gen = 0 
x_destroyed = (T_o+273)*s_gen 


Vel 2 

[m/s] 

t 2 

[Cl 

^destroyed 

[kJ/kql 

100 

57.66 

58.56 

140 

52.89 

54.32 

180 

46.53 

48.56 

220 

38.58 

41.2 

260 

29.02 

32.12 

300 

17.87 

21.16 



Vel[2] [m/s] 
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Vel[2] [m/s] 
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8-59 Steam is decelerated in a diffuser. The mass flow rate of steam and the wasted work potential during the process are to 
be determined. 

Assumptions 1 The diffuser operates steadily. 2 The changes in potential energies are negligible. 

Properties The properties of steam at the inlet and the exit of the diffuser are (Tables A-4 through A-6) 


P x = 1 0 kPa 
T x = 50°C 


T 2 = 50°C 
sat.vapor 


h x = 2592.0 kJ/kg 
s x = 8.1741 kJ/kg -K 

h 2 =2591.3 kJ/kg 
s 2 = 8.0748 kJ/kg -K 
c/ 2 = 12.026 m 3 /kg 


300 m/s 


H?0 


70 m/s 


Analysis (a) The mass flow rate of the steam is 

1 . „ 1 2 


m = 


(/ 


A 2 V 2 = 


12.026 m 3 / kg 


(3 m )(70 m/s) = 17.46 kg/s 


(b) We take the diffuser to be the system, which is a control volume. Assuming the direction of heat transfer to be from the 
stem, the energy balance for this steady-flow system can be expressed in the rate form as 


-^in -^out 


= A E 


(steady) 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

-^in = -^out 

rhih^+V, 2 12) = m(h 2 +Vl/2) + Q out 


Qout = ~ m 

Substituting, 

Q out = -(17.46 kg/s) 


h 2 ~h x + 


v 2 ~y \ ^ 
2 


2591.3-2592.0 + 


(70 m/s) 2 -(300 m/s) 2 r 


2 


1 kJ/kg 


UOOOm 2 /s 2 ) 


= 754.8 kJ/s 


The wasted work potential is equivalent to exergy destruction. The exergy destroyed during a process can be determined 
from an exergy balance or directly from its definition destroyed = ^ 0 S ge n where the entropy generation S gen is determined 

from an entropy balance on an extended system that includes the device and its immediate surroundings so that the 
boundary temperature of the extended system is T surr at all times. It gives 

^0 


$ in $ 


out 


+ s 


gen 


= AS 


system 


= 0 


Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 


ms x - ms 2 


Q 


T, 


° Ut ' + ^gen ^gen - w(,S 2 - Sj ) + 


Q 


out 


b,surr 


T, 


surr 


Substituting, the exergy destruction is determined to be 


^destroyed ^O^gen ^0 


m(s 2 ~s j) + 


Q 


out 


Tr 


= (298 K) (17.46 kg/s)(8.0748 - 8. 1 74 1 )kJ/kg • K 


754.8 kW 
298 K 


= 238.3 kW 
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8-60E Air is compressed steadily by a compressor from a specified state to another specified state. The minimum power 
input required for the compressor is to be determined. 

Assumptions 1 Air is an ideal gas with variable specific heats. 2 Kinetic and potential energy changes are negligible. 
Properties The gas constant of air is R = 0.06855 Btu/lbm.R (Table A- IE). From the air table (Table A-17E) 


T { = 520 R » h x = 124.27 Btu/lbm 

= 0.59173 Btu/lbm • R 

T 2 = 940 R » h 2 = 226. 1 1 Btu/lbm 

s° = 0.73509 Btu/lbm • R 

Analysis The reversible (or minimum) power input is determined from 
the rate form of the exergy balance applied on the compressor and 
setting the exergy destruction term equal to zero, 

y _ y y ' 7| 0 (reversibfe) _ \y- ^ (steady) _ ^ 

^ in ~ ^ out — ^ destroyed — system — ^ 

7 V ' r ^ V J V V J 

Rate of net exergy traisfer Rate 0 f exergy Rate of change 

by heat, work, and mass destructicn of exergy 

^in — ^out 

my/ l +W Kw ^=rhy/ 2 


100 psia 
480°F 



60°F 


Erevan = MWi ~¥\) = Hih T G (s 2 - s,) + Ake m + A pe m ] 


where 


^air =4 -S° ~ R In 

l 

= (0.73509 - 0.59173)Btu/lbm • R - (0.06855 Btu/lbm • R) In 1Q ° pSia 

14.7 psia 

= 0.01 193 Btu/lbm -R 

Substituting, 

W rev in = (22/60 lbm/s)[(226. 1 1 - 124.27) Btu/lbm - (520 R)(0.01 193 Btu/lbm • R)] 
= 35.1 Btu/s = 49.6 hp 

Discussion Note that this is the minimum power input needed for this compressor. 
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8-61 Steam expands in a turbine from a specified state to another specified state. The actual power output of the turbine is 
given. The reversible power output and the second-law efficiency are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy change is negligible. 3 
The temperature of the surroundings is given to be 25 °C. 

Properties From the steam tables (Tables A-4 through A-6) 


P x = 6 MPa 
T x = 600°C 

P 2 = 50kPa 
T 2 = 100°C 


h x = 3658.8 kJ/kg 
= 7.1693 kJ/kg -K 

h 2 =2682.4 kJ/kg 
s 2 =7.6953 kJ/kg -K 


Analysis ( b ) There is only one inlet and one exit, and thus m x = m 2 = m . We take the turbine as the system, which is a 

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


-^in -^out 


A E 


710 (steady) 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

^in = ^out 

m(h l +V l 2 /2) = W out +m(h 2 +V 2 2 /2) 


80 m/s 
6 MPa 
600°C 


Kut = m 


h x ~h 2 + 


v 2 -v 2 2 

2 


Substituting, 



5000 kJ/s = m 


3658.8-2682.4 


(80 m/s) 2 -(140 m/s) 


2 


1 kJ/kg 


UOOOm 2 /s 2 ) 


100°C 
140 m/s 


m = 5.156 kg/s 


The reversible (or maximum) power output is determined from the rate form of the exergy balance applied on the turbine 
and setting the exergy destruction term equal to zero, 


^in ^out 

V j 

V 

Rate of net exergy traisfer 
by heat, work, and mass 


Y 710 (reversibb) _ \y 71 0 (steady) _ 

— ^ destroyed — system 


= 0 


Rate of exergy 
destruction 


Rate of change 
of exergy 


^in ^out 


mVl =^rey,out + W^ 2 

K ev.out = m(Y\ ~¥l ) = - *2 ) - T 0 0 1 - $2 ) - Ake ^ - A P e7l ° ] 

Substituting, 

^rev.out = fLt - mT 0 ( Sl - S 2 ) 

= 5000 kW - (5.156 kg/s)(298 K)(7.1693 - 7.6953) kJ/kg • K = 5808 kW 
( b ) The second-law efficiency of a turbine is the ratio of the actual work output to the reversible work, 


*7ii = 


W, 


out 


5 MW 


^rev,out 5.808 MW 


= 86.1% 


Discussion Note that 13.9% percent of the work potential of the steam is wasted as it flows through the turbine during this 
process. 
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8-62 Steam is throttled from a specified state to a specified pressure. The decrease in the exergy of the steam during this 
throttling process is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The temperature of the surroundings is given to be 25 °C. 4 Heat transfer is negligible. 


Properties The properties of steam before and after throttling are (Tables A-4 through A-6) 
P x =6 MPa 


T x = 400°C 


P 2 = 2 MPa 
h 2 = h x 


h x =3178.3 kJ/kg 
s x = 6.5432 kJ/kg -K 

s 2 =7.0225 kJ/kg -K 


Analysis The decrease in exergy is of the steam is the difference between the inlet and 
exit flow exergies, 

7,0 7,0 7,0 

Decrease in exergy = y/ x - y/ 2 = -[Ah - A ke - Ape - T 0 (s x - s 2 )] = T 0 (s 2 - s x ) 

= (298 K)(7.0225 - 6.5432)kJ/kg • K 

= 143 kJ/kg 

Discussion Note that 143 kJ/kg of work potential is wasted during this throttling process. 


* 


HQ 


Steam 


ten 


t 
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8-63 C0 2 gas is compressed steadily by a compressor from a specified state to another specified state. The power input to 
the compressor if the process involved no irreversibilities is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 C0 2 is an ideal gas with constant specific heats. 

Properties At the average temperature of (300 + 450)/2 = 375 K, the constant 
pressure specific heat and the specific heat ratio of C0 2 are c p = 0.917 kJ/kg.K and 
k= 1.261 (Table A-2b). Also, c p = 0.1889 kJ/kg.K (Table A-2a). 


Analysis The reversible (or minimum) power input is determined from 
the exergy balance applied on the compressor, and setting the exergy 
destruction term equal to zero, 


^in "^out 

V. j 

V 

Rate of net exergy traisfer 
by heat, work, and mass 


y 710 (reversibb) _ \y 710 (steady) _ ^ 

^destroyed — ^'-system — ^ 


Rate of exergy 
destructicn 


Rate of change 
of exergy 


^in ^out 


^l+^revjn =^2 

Erevan =^2-^1 ) 


= m[{h 2 -h x )-T {) {s 2 ~s { ) + Ake 710 + Ape xlu ] 


600 kPa 
450 K 



C0 2 
0.2 kg/s 


fi 


100 kPa 
300 K 


.710 


where 


’ 2 -s } = c In — - Rln — 
21 p T x P x 

= (0.9 1 7 kJ/kg • K) In 

= 0.03335 kJ/kg-K 


450 K 
300 K 


(0.1 889 kJ/kg-K) In 


600 kPa 
lOOkPa 


Substituting, 

ff rev in = (0.2 kg/s)[(0.917 kJ/kg • K)(450 - 300)K - (298 K)(0.03335 kJ/kg • K)] = 25.5 kW 
Discussion Note that a minimum of 25.5 kW of power input is needed for this compressor. 
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8-64 Combustion gases expand in a turbine from a specified state to another specified state. The exergy of the gases at the 
inlet and the reversible work output of the turbine are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 
3 The temperature of the surroundings is given to be 25 °C. 4 The combustion gases are ideal gases with constant specific 
heats. 


Properties The constant pressure specific heat and the specific heat ratio are given to be c p = 1.15 kJ/kg.K and k= 1.3. The 
gas constant R is determined from 


R= Cp -c v =c p -c p ! h- c p (\-\! k) = (1.15 kJ/kg - K)( 1 — 1/1 .3) = 0.265 kJ/kg-K 


Analysis {a) The exergy of the gases at the turbine inlet is simply the flow exergy, 

C 2 o 

¥\ =K~K -ToOl -So) + -^~+g z f 

where 


S 1 S A — 


c In — 

' n 


R In Pl 


Pn 


= (1.15 kJ/kg • K)ln 1 1 73 K - (0.265 kJ/kg • K)ln 8 °° kPa 


298 K 


100 kPa 


= 1.025 kJ/kg-K 


Thus, 


800 kPa 


900°C 



650°C 


¥\ 


= (1.15 kJ/kg. K)(900 - 25)°C - (298 K)( 1 .025 kJ/kg • K) 


(100 m/s) 2 
2 


' 1 kJ/kg N 

v 1000 m 2 /s 2 . 


705.8 kJ/kg 


(b) The reversible (or maximum) work output is determined from an exergy balance applied on the turbine and setting the 
exergy destruction term equal to zero, 


^in "^out 


-X 


<p 0 (reversibb) 


destroyed 


Rate of net exergy traisfer Rate of exergy 

by heat, work, and mass destructiai 


A y (steady) _ n 

system “ u 

y j 

V 

Rate of change 
of exergy 


^in — "^out 

=^rev,out+^2 

• <*90 

^rev,out ="'(^l-^2)="'[( /? l-^2)- 7 0(^l-^2)- Ak e-Ape ] 


where 


Ake = 




(220 m/s) 2 -(100m/s) 2 
2 


" 1 kJ/kg N 

v 1000 m 2 /s 2 . 


= 19.2 kJ/kg 


and 


^2 


r 9 p, 

= c In R In — 

P T\ P x 

923 K 

= (1.15 kJ/kg • K)ln 

1173 K 

= -0.09196 kJ/kg-K 


(0.265 kJ/kg -K)ln 


400 kPa 
800 kPa 


Then the reversible work output on a unit mass basis becomes 

w rev, ou t = h \ - h 2 + T o ( s 2 - ^ ) - Ake = c p (T { - T 2 ) + T 0 (s 2 - ) - Ake 

= (1.15 kJ/kg • K)(900- 650)°C + (298 K)(-0.09196 kJ/kg • K) -19.2 kJ/kg 

= 240.9 kJ/kg 
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8-65E Refrigerant- 134a enters an adiabatic compressor with an isentropic efficiency of 0.80 at a specified state with a 
specified volume flow rate, and leaves at a specified pressure. The actual power input and the second-law efficiency to the 
compressor are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 

Properties From the refrigerant tables (Tables A-l IE through A-13E) 


P x = 30 psia 
sat.vapor 


h x -h 


> Si =s 


g@ 30 psia 
g@ 30 psia 


l/, = 1/ 


g@ 30 psia 


= 105.32 Btu/lbm 
= 0.223 8 Btu/lbm • R 
= 1.5492 ft 3 /lbm 


P 2 = 70 psia 


2 s 


= S , 


Analysis From the isentropic efficiency relation 

h 2s ~ h \ 


Vc = 


h 2 a ~ h \ 


> h 2a = h\ +{h 2s -h l )h) c 

= 105.32 + (112.80 -105.32)/ 0.80 
= 114.67 Btu/lbm 


\h 2s =112.80 Btu/lbm 


70 psia 

5 2 = ^i 


Then, 


P 2 = 70 psia 
hid - 1 14.67 


[sn = 0.2274 Btu/lbm 



, C/, 

Also, m- — = 

t/. 


20/ 60 ft 3 /s 


= 0.2152 lbm/s 


30 psia 
sat. vapor 


■i 1.5492 fit / lbm 

There is only one inlet and one exit, and thus m x = m 2 = m . We take the actual compressor as the system, which is a control 
volume. The energy balance for this steady-flow system can be expressed as 

= 0 


^in ^out 


\ip ^0 (steady) 
system 


Rate of net energy transfer R a t e of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in “ ^out 

W a in + mh x = mh 2 (since Q = Ake = Ape = 0) 
An = w(/! 2 -/i,) 

Substituting, the actual power input to the compressor becomes 

lhp 


W aM = (0.2152 lbm/s)( 1 14.67 - 105.32) Btu/lbm! 


0.7068 Btu/s 


2.85 hp 


( b ) The reversible (or minimum) power input is determined from the exergy balance applied on the compressor and setting 
the exergy destruction term equal to zero, 


^in ^out 

V j 

V 

Rate of net exergy traisfer 
by heat, work, and mass 


Y ^0 (reversibb) _ a y- 71 0 (steady) _ 

^destroyed system 


= 0 


Rate of exergy 
destruction 


Rate of change 
of exergy 


^in ^"out 


710- 


Avgn+w^i =rny/ 2 

Avan = -Vi) = mVJh - h) - T 0 (s 2 - .S', ) + Ake 710 + Ape' ,u ] 

Substituting, 

Av.in = (0.2152 lbm/s)[(l 14.67 -105.32)Btu/lbm- (535 R)(0.2274-0.2238)Btu/lbm-R] 

= 1 .606 Btu/s = 2.27 hp (since 1 hp = 0.7068 Btu/s) 

Aev,in 2.27 hp 


Thus, Hw = 


W. 


act, in 


2.85 hp 


= 79.8% 
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8-66 Refrigerant- 1 34a enters an adiabatic compressor at a specified state with a specified volume flow rate, and leaves at a 
specified state. The power input, the isentropic efficiency, the rate of exergy destruction, and the second-law efficiency are 
to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 

Analysis (a) The properties of refrigerant at the inlet and exit states of the compressor are obtained from R-134a tables: 


T x = -26°Cl 



/ ?1 = 234.68 kJ/kg 
.y, = 0.9514 kJ/kg -K 

= 0.18946 m 3 /kg 


P 2 =800kPaU, =286.69 kJ/kg 
r 2 = 50°C J s 2 =0.9802 kJ/kg • K 


P 2 = 800 kPa 


,s 2 =jj =0.95 14 kJ/kg K 


h 2s =277.53 kJ/kg 


The mass flow rate of the refrigerant and the actual power input are 
l/, (0.45/60) m 3 /s 


m = 


0.18946 m 3 /kg 


= 0.03959 kg/s 


lV act = m(h 2 -h i ) = (0.03959 kg/s)(286.69 - 234.68)kJ/kg = 2.059 kW 
(b) The power input for the isentropic case and the isentropic efficiency are 

W isen = m(h 2s - / ?1 ) = (0.03959 kg/s)(277.53 - 234.68)kJ/kg = 1.696 kW 


1c 


omp,isen 


^= L6%kW =0.8238 = 82.4% 
W act 2.059 kW 


(c) The exergy destruction is 

X d est = ™T 0 (s 2 - s { ) = (0.03959 kg/s)(300 K)(0.9802 - 0.95 14)kJ/kg • K = 0.341 7 kW 
The reversible power and the second-law efficiency are 


^rev = ^act " ^dest = 2-059 - 0.3417 = 1.717 kW 


_ w ' 
V Comp, II T7 


rev 


1.717 kW 


W act 2.059 kW 


= 0.8341 = 83.4% 
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8-67 Refrigerant- 134a is condensed in a refrigeration system by rejecting heat to ambient air. The rate of heat rejected, the 
COP of the refrigeration cycle, and the rate of exergy destruction are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 

Analysis (a) The properties of refrigerant at the inlet and exit states of the condenser are (from R134a tables) 

P x = 700 kPa '\h l = 288.53 kJ/kg 
7j = 50°C J s x = 0.9954 kJ/kg • K 

P 2 = 700 kPal h 2 = 88.82 kJ/kg 
x 2 — 0 j s 2 =0.3323 kJ/kg -K 

The rate of heat rejected in the condenser is 

Q h =m R (h { -h 2 ) = (0.05 kg/s)(288.53 - 88.82)kJ/kg = 9.985 kW 

(b) From the definition of COP for a refrigerator, 

COP = = ,® L . = = 1.506 

w m Q h -Q l (9.985- 6) kW 

(c) The entropy generation and the exergy destruction in the condenser are 

^gen — (^2 — ^1 ) “^ ~ 

1 H 

9 985 kW 

= (0.05 kg/s)(0.3323 - 0.9954) kJ/kg • K + = 0.00035 16 kW/K 

298 K 

2f dest = ^o^gen = (298 K)(0.00035 16 kJ/kg • K) = 0.1048 kW 
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8-68E Refrigerant- 134a is evaporated in the evaporator of a refrigeration system, the rate of cooling provided, the rate of 
exergy destruction, and the second-law efficiency of the evaporator are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 

Analysis (a) The rate of cooling provided is 

Q l = m(h 2 -h{) = (0.08 lbm/s)(172. 1 - 1 07.5)Btu/lbm = 5. 1 62 Btu/s = 1 8,580 Btu/h 


(b) The entropy generation and the exergy destruction are 


Sgen =m(s 2 




= (0.08 lbm/s)(0.4225 - 0.2851) Btu/lbm • R 


= 0.0008691 Btu/s R 


5.162 Btu/s 
(50 + 460) R 


2f dest = T 0 S gen = (537 R)(0. 0008691 Btu/s • R) = 0.4667 Btu/s 

(c) The exergy supplied (or expended) during this cooling process is the exergy decrease of the refrigerant as it evaporates 
in the evaporator: 


X x — X 2 = m(h l - h 2 ) - rhT {) {s x -s 2 ) 

= -5.162 - (0.08 lbm/s)(537 R)(0.2851 - 0.4225) Btu/lbm • R 
= 0.7400 Btu/s 

The exergy efficiency is then 


II,Evap “ 


1 


^"dest 

— X 2 


0.4667 

0.7400 


= 0.3693 = 36.9% 
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8-69 Air is compressed steadily by a compressor from a specified state to another specified state. The reversible power is to 
be determined. 

Assumptions 1 Air is an ideal gas with variable specific heats. 2 Kinetic and potential energy changes are negligible. 

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-l). From the air 
table (Table A- 17) 


T x = 300 K > h x = 300.19 kJ/kg 

s? = 1.702 kJ/kg -K 


T 2 = 493 K > h 2 = 495.82 kJ/kg 

s 2 ° = 2.20499 kJ/kg • K 


Analysis The reversible (or minimum) power input is determined from 
the rate form of the exergy balance applied on the compressor and 
setting the exergy destruction term equal to zero, 


^in ^out 

V J 

V 

Rate of net exergy traisfer 
by heat, work, and mass 


-X. 


710 (reversibb) 


destroyed 


Rate of exergy 
destructicn 


A y ^0 (steady) _ n 
system — u 

V 

Rate of change 
of exergy 




^l+^revjn = m\f/ 2 


400 kPa 
220°C 



27°C 


W xQv -n = m(y/ 2 -Y X ) = rh[(h 2 -h x )-T 0 (s 2 - s x ) + Ake 710 + Ape 710 ] 


where 


s 2 s \ 


= s° -s° - R In — 

P x 

= (2.205 - 1.702)kJ/kg • K - (0.287 kJ/kg • K)ln 
= 0.1080 kJ/kg -K 


400 kPa 
101 kPa 


Substituting, 

W revin = (0. 15 kg/s)[(495.82 - 300. 19)kJ/kg - (298 K)(0. 1080 kJ/kg • K)] = 24.5 kW 
Discussion Note that a minimum of 24.5 kW of power input is needed for this compression process. 
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8-70 



Problem 8-69 is reconsidered. The effect of compressor exit pressure on reversible power is to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


T_1=27 [C] 

P_1=101 [kPa] 
m dot = 0.15 [kg/s] 

{P_2=400 [kPa]} 

T_2=220 [C] 

T_o=25 [C] 

P_o=100 [kPa] 
mdotin=mdot 

"Steady-flow conservation of mass" 
mdotin = mdotout 
hi =enthalpy(air,T=T_1) 
h_2 = enthalpy(air, T=T 2) 

W_dot_rev=m_dotJn*(h_2 - h_1 -(T_1+273.15)*(s_2-s_1)) 
s_1=entropy(air, T=T_1,P=P_1) 
s_2=entropy(air,T=T_2,P=P_2) 


P? [kPal 

W rev fkWl 

200 

15.55 

250 

18.44 

300 

20.79 

350 

22.79 

400 

24.51 

450 

26.03 

500 

27.4 

550 

28.63 

600 

29.75 
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8-71 A rigid tank initially contains saturated liquid of refrigerant- 134a. R-134a is released from the vessel until no liquid is 
left in the vessel. The exergy destruction associated with this process is to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process. It can be 
analyzed as a uniform-flow process since the state of fluid leaving the device remains constant. 2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 

Properties The properties of R- 134a are (Tables A-l 1 through A- 13) 


T x = 20°C 
sat. liquid 


T 2 = 20°C 
sat. vapor 


. v x = Vj @ 20 °c = 0.0008161 m 3 /kg 
5 u x — u j(ci) 20 °c 78.86 kJ/kg 

s \ = s f@ 20°c = 0.30063 kJ/kg -K 

= v g@ 20°c = 0.035969 m 3 / kg 
u 2 =u g @ 20 °c = 241.02 kJ/kg 
, s 2~ s e ~ s g@ 20 °c = 0.92234 kJ/kg -K 
K = h g@ 20°c =261.59 kJ/kg 


Analysis The volume of the container is 

V = m l v x =(lkg)(0.0008161m 3 /kg) = 0.0008161 m 3 


R-134a 
1 kg 
20°C 
sat. liq. 



m e 


The mass in the container at the final state is 


V 0.0008161m 


= 


0.035969 m 3 /kg 


= 0.02269 kg 


The amount of mass leaving the container is 

m e = m x —m 2 = 1-0.02269 = 0.9773 kg 

The exergy destroyed during a process can be determined from an exergy balance or directly from its 

definition A destroyed = T 0 S gen . The entropy generation S gen in this case is determined from an entropy balance on the system: 


^in ^out 

c 

gen 

system 

V J 

"V 

Net entropy transfer 

Entropy 

V 

Change 

by heat and mass 

generation 

in entropy 

- m e s , 

_i_ C 

e ' u gen 

~ ^tank = ( m 2 s 2 ~ m \ s l)tank 


C 

gen 

= m 2 s 2 - m x s x + m e s e 


Substituting, 

^destroyed — ^0*-*gen — ^o(^2^2 ~M\S\ 

= (293 K)(0. 02269 x 0.92234 - 1 x 0.30063 + 0.9773 x 0.92234) 

= 182.2 kJ 
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8-72E An adiabatic rigid tank that is initially evacuated is filled by air from a supply line. The work potential associated 
with this process is to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process. It can be 
analyzed as a uniform-flow process since the state of fluid entering the device remains constant. 2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 4 Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 0.240 Btu/lbm-R, k— 1.4, and R = 0.06855 Btu/lbm-R = 
0.3704 kPa-nvVlbm-R (Table A-2Ea). 

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 

Mass balance : 


W in “"'out = system m , = m 2 


Energy balance : 


^in V — system 

' v ' v V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


m i h i = m 2 u 2 


Combining the two balances : 


Air 


150 psia, 90°F 



h t = u 2 


*c p Ti =cj 2 


*T 2 = — Tj = kT t 


Substituting, 

T 2 = kTi = (1 .4)(550 R) = 770 R 


The final mass in the tank is 


m 2 - m t 


P V 

RT 2 


(150 psia)(40 ft 3 ) 

(0.3704 psia • ft 3 /lbm • R)(770 R) 


= 21.04 lbm 


The work potential associated with this process is equal to the exergy destroyed during the process. The exergy destruction 
during a process can be determined from an exergy balance or directly from its definition A destroyed = T 0 S gen • The entropy 

generation S gen in this case is determined from an entropy balance on the system: 

^in ^out^ ^ gen — system 

Net entropy transfer Entropy Change 
by heat and mass generation in entropy 

W ,Si +S gen = A S tank =m 2 s 2 
s gcn =m 2 s 2 —rrtjSi 
Sgen =rn 2 (s 2 -Si) 


Substituting, 

^rev — ^destyroyed — ^2^0 (^2 ~ ) — ^2^0 


r T \ 

c In — 

P r r 

1 i J 


= (21.04 lbm)(540 R) 

= 917 Btu 


(0.240 Btu/lbm • R)ln 


770 R 
550 R 
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8-73E An rigid tank that is initially evacuated is filled by air from a supply line. The work potential associated with this 
process is to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process. It can be 
analyzed as a uniform-flow process since the state of fluid entering the device remains constant. 2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 4 Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 0.240 Btu/lbm-R and R = 0.06855 Btu/lbm-R = 0.3704 
kPa-m 3 /lbm-R (Table A-2Ea). 

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 

Mass balance: m [n ~m oui = Am system — » m i -m 2 


Energy balance : 

^in — ^out “ system 

' V ' V V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

m, h , -Qovx = w 2 m 2 

£?out = m ,h, -m 2 u 2 

Combining the two balances : 

£?out =m 2 (h l — u 2 ) 

The final mass in the tank is 


Air 


200 psia, 100°F 



m 2 = m i 


Pi/ 

RT 2 


(150 psia)(40 ft 3 ) 

(0.3704 psia • ft 3 /lbm • R)(550 R) 


= 29.45 lbm 


Substituting, 

Qout = m i (hi -u 2 ) = m 2 (c p T i -c v T l ) = m 2 T l (c p -c v ) = m 2 T i R 
= (29.45 lbm)(550 R)(0.06855 Btu/lbm • R) 

= 1110 Btu 


The work potential associated with this process is equal to the exergy destroyed during the process. The exergy destruction 
during a process can be determined from an exergy balance or directly from its definition A destroyed = T 0 S gen • The entropy 

generation S gen in this case is determined from an entropy balance on the system: 


‘'bn ^out 

V J 

c 

‘-'gen 

system 

V 

Net entropy transfer 

Entropy 

Change 

by heat and mass 

generation 

in entropy 

QovX 
m.Sj 

To 

~ + S gen 

= A ^ta„k = m 2 s 2 


c 

u gen 

= m 2 s 2 - m i s l + 


C 

‘-'gen 

< 

= m 2 (s 2 -s t ) + : 


Q 


out 


T , n 


Q 


out 


77 


Noting that both the temperature and pressure in the tank is same as those in the supply line at the final state, substituting 
gives, 


^rev ^destroyed ^0 


m 2 (s 2 -s t ) + 


Q out 

77 


— 77 


0 + 


C?out 

T, 


= Tn 


f Q ' 


0 J 


out 


V T 0 ) 


= 0out =1110 Btu 
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8-74 Steam expands in a turbine steadily at a specified rate from a specified state to another specified state. The power 
potential of the steam at the inlet conditions and the reversible power output are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The temperature of the surroundings is given to be 25 °C. 


Properties From the steam tables (Tables A-4 through 6) 


P x = 8 MPa 1 h x = 3273.3 kJ/kg 
T x = 450°C J s x = 6.5579 kJ/kg • K 


P 2 = 50 kPa \h 2 = 2645.2 kJ/kg 
sat. vapor J s 2 = 7.593 1 kJ/kg • K 


P 0 = 100 kPa 
T 0 = 25°C 


K — hf @ 25 °c -104.83 kJ/kg 
5 0 = s 25 °c = 0.36723 kJ/kg • K 


Analysis (a) The power potential of the steam at the inlet conditions is 
equivalent to its exergy at the inlet state, 


8 MPa 
450°C 



sat. vapor 


<?o 


'P — m\f/ x -m 


V x 

h\ ~K -r 0 (^! -s 0 )+— — +gzj 


= m(h l -h 0 -T 0 (s i -5 0 )) 


= (15,000 / 3600 kg/s)[(3273.3 -104.83)kJ/kg - (298 K)(6.5579 - 0.36723)kJ/kg • K] 

= 5515 kW 


(b) The power output of the turbine if there were no irreversibilities is the reversible power, is determined from the rate 
form of the exergy balance applied on the turbine and setting the exergy destruction term equal to zero, 

y y y ^0 (reversibfe) _ . y 710 (steady) _ ^ 

An — ^ out — ^ destroyed — system — ^ 

^ A/" ^ -J -J 

Rate of net exergy traisfer R ate of exergy Rate of change 

by heat, work, and mass destruction of exergy 

^in — ^out 

my/ x = devout + ™V / 2 

Kevfiut = m(V\ - ¥ 2 ) = - h) ~ T 0 (S { - s 2 ) - Ake 710 - Ape 710 ] 


Substituting, 

Key, out = ™\-( h l - h 2)- T o( s \~ s 2 )] 

= (15,000/3600 kg/s)[(3273.3 - 2645 .2) kJ/kg - (298 K)(6.5579 - 7.593 1) kJ/kg • K] 

= 3902 kW 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



8-63 


8-75E Air is compressed steadily by a 400-hp compressor from a specified state to another specified state while being 
cooled by the ambient air. The mass flow rate of air and the part of input power that is used to just overcome the 
irreversibilities are to be determined. 

Assumptions 1 Air is an ideal gas with variable specific heats. 2 Potential energy changes are 
negligible. 3 The temperature of the surroundings is given to be 60°F. 

Properties The gas constant of air is R = 0.06855 Btu/lbm.R (Table A-1E). From the air table (Table A-17E) 

h x =124.27 Btu/lbm 


7\ = 520 R } 


T 2 = 1080 R } 


s? =0.59173 Btu/lbm R 

h 2 - 260.97 Btu/lbm 
s 2 = 0.76964 Btu/lbm • R 


Analysis (a) There is only one inlet and one exit, and thus 
m x = m 2 = m . We take the actual compressor as the system, which is a 

control volume. The energy balance for this steady-flow system can 
be expressed as 


1500 Btu/min 


^in ^out 


A E 


710 (steady) 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in “ ^out 


350 ft/s 
150 psia 
620°F 



15 psia 
60°F 


400 hp 


fffl.in + mUh + V 2 / 2) = m(h 2 + V 2 / 2) + Q oui ->• W a in - Q out = m 


h 2 -hi + 


vi -v{ 


Substituting, the mass flow rate of the refrigerant becomes 


(400 hp) 


f 0.7068 Btu/s ^ 


1 hp 

It yields m - 1.852 lbm / s 


-(1500/60 Btu/s) = m 


260.97-124.27 + 


(350 ft/s) “ - 0 1 Btu/lbm 


2 


25,037 ft 2 /s 2 


( b ) The portion of the power output that is used just to overcome the irreversibilities is equivalent to exergy destruction, 
which can be determined from an exergy balance or directly from its definition 2f destroyed = T 0 S gQn where the entropy 

generation S gcn is determined from an entropy balance on an extended system that includes the device and its immediate 
surroundings. It gives 


e _ c 

° in ° out 


+ 


s 


gen 


= AS 




system 


= 0 


Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 


ms x - ms 


Q 


out 


r, 


t-5gen =0 -> S sen =rh(s 2 -Sj)4 


Q 


out 


b,surr 


Tn 


where 


s 2 ~ S X - s 2 “^i In 


p. 


p 


= (0.76964 - 0.59 1 73) Btu/lbm - (0.06855 Btu/lbm.R) In 


150 psia 
15 psia 


= 0.02007 Btu/lbm.R 


Substituting, the exergy destruction is determined to be 

/ A \ 


v — T V —T 

^ destroyed J 0 J gen 1 ( 


m(s 2 -Ji) + 


Q out 


T, 


0 


= (520 R) (1.852 lbm/s)(0. 02007 Btu/lbm - R) 


1500/ 60 Btu/s 


520 R 


1 hp 


A 


0.7068 Btu/s 


= 62.72 hp 
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8-76 Hot combustion gases are accelerated in an adiabatic nozzle. The exit velocity and the decrease in the exergy of the 
gases are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 

3 The device is adiabatic and thus heat transfer is negligible. 4 The combustion gases are ideal gases with constant specific 
heats. 

Properties The constant pressure specific heat and the specific heat ratio are given to be c p = 1.15 kJ/kg.K and k — 1.3. The 
gas constant R is determined from 

R = c p -c v =c p -c p / k = c p (l-l/ k) = (1.15 kJ/kg • K)(l — 1/1.3) = 0.2654 kJ/kg • K 


Analysis {a) There is only one inlet and one exit, and thus m x = m 2 = rh . We take the nozzle as the system, which is a 
control volume. The energy balance for this steady-flow system can be expressed as 

710 (steady) 


^in ^out 


A E 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in “ ^out 

m(h x + V x / 2) = m(h 2 + V 2 2 /2) (since W = Q = Ape = 0) 


h 2 = h x 


Vi-Vx 

2 


230 kPa 
627°C 
60 m/s 


Comb. 

gases 


70 kPa 
450°C 


Then the exit velocity becomes 

r 2 =pc p (T t -T 2 ) + r? 




2(1.15 kJ/kg -K)(627-450)K 


ToOQm 2 /s 2 ^ 

1 kJ/kg 


+ (60 m/s) 


= 641 m/s 


(b) The decrease in exergy of combustion gases is simply the difference between the initial and final values of flow exergy, 
and is determined to be 


W\ -¥i = w rev = *1 -h 2 -Ake-Ape 71 + T 0 (s 2 -s l ) = cAT l -T 2 ) + T Q (s 2 -sO-Ake 


P 


where 


Ake = 


V 2 ~ V x (641 m/s) 2 -(60 m/s) 


2 


2 


1 kJ/kg 


1000 m 2 / s 2 


= 203.6 kJ/kg 


and 


$2 


T 

- s x — c n In — - — i? In 

1 P m 


T, 


Pi 

Px 


= (1.15 kJ/kg -K) In 


723 K 
900 K 


(0.2654 kJ/kg • K) In 


70 kPa 
230 kPa 


= 0.06386 kJ/kg K 


Substituting, 

Decrease in exergy = i//\ ~¥i 

= (1.15 kJ/kg • K)(627 - 450)°C + (293 K)(0.06386 kJ/kg • K) - 203.6 kJ/kg 

= 18.7 kJ/kg 
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8-77 Steam is accelerated in an adiabatic nozzle. The exit velocity of the steam, the isentropic efficiency, and the exergy 
destroyed within the nozzle are to be determined. 

Assumptions 1 The nozzle operates steadily. 2 The changes in potential energies are negligible. 

Properties The properties of steam at the inlet and the exit of the nozzle are (Tables A-4 through A-6) 


P x = 7 MPal /ij - 341 1.4 kJ/kg 
T x = 500°C j s x = 6.8000 kJ/kg • K 


P 2 = 5 MPa U 2 = 33 17.2 kJ/kg 
T 2 = 450°Cj s 2 -6.8210 kJ/kg -K 


P 2s = 5 MPa 

5 2.9 =S \ 


\h 2s -3302.0 kJ/kg 


7 MPa 
500°C 
70 m/s 


STEAM 


5 MPa 
450°C 



Analysis (a) We take the nozzle to be the system, which is a control volume. The energy balance for this steady-flow 
system can be expressed in the rate form as 


^in -^out 

V 

Rate of net energy transfer 
by heat, work, and mass 


A + (steady) 

system 

v. j 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 



out 


m(h x + V x / 2) = m(h 2 + V 2 2 IT) (since W - Q = Ape = 0) 


0 — h 2 — h x + 


V? - V? 


Then the exit velocity becomes 


V 2 =yl2(h 1 -h 2 ) + Y{ = 


1 


2(34 11. 4 -33 17.2) kJ/kg 


ToOO m 2 /s 2 ^ 
1 kJ/kg 


+ (70m/s) 2 - 439.6 m/s 


(b) The exit velocity for the isentropic case is determined from 

v 2s =^ 2 (h 1 -h 2s )+y 1 2 = 

Thus, 


K 


2(3411.4-3302.0) kJ/kg 


^1000 m 2 /s 2 ^ 
1 kJ/kg 


+ (70 m/s) 2 -472.9 m/s 


V 2 / 2 (439.6 m/s) 2 / 2 ^ 

In = — 2 = / = 86.4% 

V 2 / 2 (472.9 m/s) 2 / 2 


(c) The exergy destroyed during a process can be determined from an exergy balance or directly from its 

definition A r destroyed = T 0 S gen where the entropy generation S gcn is determined from an entropy balance on the actual nozzle. 

It gives 

^in -‘S'out, + ^gen = system = 0 

Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 

ms i ~ ms 2 + S gen = 0 S gen = m(s 2 - s x ) or s gen =s 2 -s { 

Substituting, the exergy destruction in the nozzle on a unit mass basis is determined to be 
destroyed = Vgen = ^0 (*2 - ) = (298 K)(6.8210- 6.8000)kJ/kg • K = 6.28 kJ/kg 
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8-78 Air is compressed in a steady-flow device isentropically. The work done, the exit exergy of compressed air, and the 
exergy of compressed air after it is cooled to ambient temperature are to be determined. 


Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 The process is given to be reversible 
and adiabatic, and thus isentropic. Therefore, isentropic relations of ideal gases apply. 3 The environment temperature and 
pressure are given to be 300 K and 100 kPa. 4 The kinetic and potential energies are negligible. 


Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-l). The constant pressure specific heat and specific heat 
ratio of air at room temperature are c p = 1.005 kJ/kg.K and k = 1.4 (Table A-2). 


Analysis (a) From the constant specific heats ideal gas isentropic relations, 

n 0 . 4 / 1.4 




r p \(k-\)!k 


\P\ J 


= (300 k{ 


1000 kPa 


= 579.2 K 


\ 100 kPa 

For a steady-flow isentropic compression process, the work input is determined from 


w 


kRT x 


iPi/Pxt 


-1 )/k 


-1 


comp, in j 

_ (l .4)(0.287kJ/kg • K)(300K) 
1.4-1 

= 280.5 kj/kg 


( 1000 / 100 ) 


0 . 4 / 1. 4 


-1 


1 MPa 

Sl=S\ 



300 K 


(b) The exergy of air at the compressor exit is simply the flow exergy at the exit state, 

v 2 7,0 

7|0 r 2 7)0 

iR 2 = ^2 ~ ~ ^o ( s 2 ~ s o) H + S z 2 (since the proccess 0 - 2 is isentropic) 

f “^L 

= c p(7 2 “ ^0 ) 

= (1 .005 kJ/kg.K)(579.2 - 300)K = 280.6 kj/kg 


which is the same as the compressor work input. This is not surprising since the compression process is reversible, 
(c) The exergy of compressed air at 1 MPa after it is cooled to 300 K is again the flow exergy at that state, 

71 ° 


where 


y/ 3 -h 3 h 0 T 0 (s 3 s 0 ) + 


V, 


2 


+ gz 3 


71 ' 


= c p (T 3 -T 0 ) -T 0 (s 3 -s 0 ) (since T 3 =T 0 = 300 K) 

- -To ( s 3 ~ s o ) 


T, 


71 ' 


P, 


A 


s 3 -s 0 =c p In— -R\n — = -R In — = -(0.287 kJ/kg • K)ln 


T, 


P, 


Pn 


1000kPa 

lOOkPa 


= -0.661 kJ/kg.K 


Substituting, 

\j / 3 = -(300 K)(-0.661 kJ/kg.K) = 198 kj/kg 

Note that the exergy of compressed air decreases from 280.6 to 198 as it is cooled to ambient temperature. 
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8-79 A rigid tank initially contains saturated R-134a vapor. The tank is connected to a supply line, and R-134a is allowed to 
enter the tank. The mass of the R-134a that entered the tank and the exergy destroyed during this process are to be 
determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform- flow process since the state of fluid at the inlet remains constant. 2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the tank (will be 
verified). 

Properties The properties of refrigerant are (Tables A-l 1 through A- 13) 


P x = 1.2 MPa 
sat. vapor 


T 2 =1.4 MPa 
sat. liquid 


. v i = ^©UMPa = 0-01672 m 3 / kg 
>u \ =M g@i. 2 MPa = 253.81 kJ/kg 
s \ ~ ^ g@\. 2 MPa = 0.91303 kJ/kg • K 

1 = ^ f @1.4 MPa = 0.0009166 m 3 / kg 

>u 2 — u f @14 MPa = 125.94 kJ/kg 
^2 = $ / @i. 4 MPa = 0.45315 kJ/kg • K 


P t =1.6 MPa U,- =93.56 kJ/kg 
T t = 30°C j Si = 0.34554 kJ/kg • K 


R-134a 1.6 MPa 

> 30°C 



Analysis We take the tank as the system, which is a control volume. Noting that the microscopic energies of flowing and 
nonflowing fluids are represented by enthalpy h and internal energy u , respectively, the mass and energy balances for this 
uniform- flow system can be expressed as 

Mass balance : 

m in - m out = A »' system “> 2 “ m 1 


Energy balance : 


^in -^out 


A E 


system 


Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Q m +m i h i = m 2 u 2 -m x u x (since W = ke = pe = 0) 
(i a ) The initial and the final masses in the tank are 




0.1m 


m, = 


= 


t/i 0.01672 m 3 /kg 


C/o 


0.1m 


0.0009166 m 3 /kg 


= 5.983 kg 


= 109. 10 kg 


Then from the mass balance 

m i - ^ 2 ~ m \ - 109.10-5.983 = 103.11 kg 
The heat transfer during this process is determined from the energy balance to be 
Cm =-m i h i +m 2 u 2 -m l u l 

= -(103.11 kg)(93.56 kJ/kg) + (109. 10)(l25.94 kJ/kg)- (5.983 kg)(253.81 kJ/kg) 
= 2573 kJ 
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(b) The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition X destroyed = T 0 S gen • The entropy generation S gen in this case is determined from an entropy balance on an 

extended system that includes the tank and its immediate surroundings so that the boundary temperature of the extended 
system is the surroundings temperature T sun at all times. It gives 



^"destroyed “ - T 0 m 2 S 2 ™\S\ m^S^ — 


= (3 18 K)[l09.10x 0.45315 -5.983x0.91303 -103.1 lx 0.34554- (2573 kJ)/(3 18 K) 


= 80.3 kj 
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8-80 A rigid tank initially contains saturated liquid water. A valve at the bottom of the tank is opened, and half of mass in 
liquid form is withdrawn from the tank. The temperature in the tank is maintained constant. The amount of heat transfer, 
the reversible work, and the exergy destruction during this process are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform- flow process since the state of fluid leaving the device remains constant. 2 Kinetic and 
potential energies are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the tank 
(will be verified). 


Properties The properties of water are (Tables A-4 through A-6) 


T x = 170°C 
sat. liquid 


=l/ /@170”C =0 - 001114m /k § 




11 1 fi@170°C 


S \ s f@\7 0°C 


= 718.20 kJ/kg 
= 2.0417 kJ/kg-K 


T e = 170°C 1 K = h f@m . c =719.08 kJ/kg 
sat. liquid J s e = s /@no°c = 2.0417 kJ/kg-K 



Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 

Mass balance : 


- W ou t = Am system m e = m l ~ m 2 


Energy balance : 

fin ~ -^out — system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Q in = m e h e + m 2 u 2 -m x u x (since W = ke = pe = 0) 


The initial and the final masses in the tank are 


V 


0.6 m 


m, = 


^1 0.001114 m 3 /kg 


= 538.47 kg 


m 


= - m x =-(538.47 kg) =269.24 kg- 
2 2 


m 


Now we determine the final internal energy and entropy, 


{/ 


0.6 m 


C/o = 


Xo = 


m 2 269.24 kg 


= 0.002229 m/kg 


^2 ~Vf 0.002229-0.001114 


0.24260-0.001114 


= 0.004614 


(/ 


fg 


T 2 = 170°C 
x 2 = 0.004614 


Un =u 


f 


+ X 2 u fg =718.20 + (0.004614X1857.5)= 726.77 kJ/kg 


's 2 =s f +x 2 s fg =2.0417 + (0.004614)(4.6233)= 2.0630 kJ/kg-K 


The heat transfer during this process is determined by substituting these values into the energy balance equation, 
Qin = m e^e +m 2 u 2 -™\U\ 

= (269.24 kg)(719.08 kJ/kg )+ (269.24 \Lg\l26.11 kJ/kg)- (538.47 kgX718.20 kJ/kg) 

= 2545 kJ 
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(b) The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition X destroyed = T 0 S gen . The entropy generation S gen in this case is determined from an entropy balance on an 

extended system that includes the tank and the region between the tank and the source so that the boundary temperature of 
the extended system at the location of heat transfer is the source temperature T somce at all times. It gives 


q _ q + e = as* 

y in ° out ; ' °gen system 

Net entropy transfer Entropy Change 
by heat and mass generation in entropy 

T m e s e ^gen — ^^tank ~i fn 2 s 2 ~ m \ s \ ) tank 

1 b,in 



m 2 s 2 -m l s l +m e s e 



T 

M source 


Substituting, the exergy destruction is determined to be 


X — T S — t 

^ destroyed 1 0 u gen 1 0 


m 2 s 2 ~m l s l + m e s ( 


Q m 


z 


source 


= (298 K)[269.24 x 2.0630 - 538.47 x 2.0417 + 269.24 x 2.041 7 - (2545 kJ)/(523 K)] 

= 141.2 kj 

For processes that involve no actual work, the reversible work output and exergy destruction are identical. Therefore, 


^destroyed ^ rev, out ^acfout ^ ^ rev, out ^destroyed 141.2 kj 
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8-81E An insulated rigid tank equipped with an electric heater initially contains pressurized air. A valve is opened, and air 
is allowed to escape at constant temperature until the pressure inside drops to 20 psia. The amount of electrical work done 
and the exergy destroys are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the exit temperature (and enthalpy) of air remains constant. 2 Kinetic and 
potential energies are negligible. 3 The tank is insulated and thus heat transfer is negligible. 4 Air is an ideal gas with 
variable specific heats. 5 The environment temperature is given to be 70°F. 

Properties The gas constant of air is R = 0.3704 psia.ft 3 /lbm.R (Table A-1E). The properties of air are (Table A-17E) 


T e = 640 R > h e = 1 53.09 Btu/lbm 

T x = 640 R >u x =109.21 Btu/lbm T 2 =640R >u 2 = 109.21 Btu/lbm 

Analysis We take the tank as the system, which is a control volume. Noting that the microscopic energies of flowing and 
nonflowing fluids are represented by enthalpy h and internal energy u , respectively, the mass and energy balances for this 
uniform-flow system can be expressed as 


Mass balance: m in -m ou t = Am sys tem — ► m e -m x -m 2 

Energy balance : 

-^in — -^out — system 

v ' v V ' 

N et energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

W e in -m e h e = m 2 u 2 -m l u l (since Q = ke = pe = 0) 
The initial and the final masses of air in the tank are 



P X V (40psia)(260ft 3 ) 

ni | — — 

RT X (0.3704 psia • ft 3 /lbm • R)(640 R) 

P 2 V (20 psia)(260 ft 3 ) 

m 2 — — - 

RT 2 (0.3704 psia • ft 3 /lbm • R)(640 R) 
Then from the mass and energy balances, 

m e =nt\ —m 2 = 43.86 - 21.93 = 21.93 lbm 


= 43.86 lbm 
= 21.93 lbm 


W e,in = m e h e + ™2 U 2 ~ m l u l 

= (21.93 lbm)(153.09 Btu/lbm) + (21.93 lbm)( 109.21 Btu/lbm) - (43.86 lbm)( 109.21 Btu/lbm) 

= 962 Btu 


(b) The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition A destroyed = T 0 S gQn where the entropy generation S gQn is determined from an entropy balance on the insulated 

tank. It gives 

— AiS* S y stem 

v 

Change 
in entropy 

= A5 tank =(m 2 S 2 ~m x S x ) t an k 

= m 2 s 2 -m l s l +m e s e 
= m 2 s 2 -m l s l + (m , -m 2 )s e 
= m 2 (s 2 -s e )-m 1 (s 1 — s e ) 

Assuming a constant average pressure of (40 + 20) / 2 = 30 psia for the exit stream, the entropy changes are determined to 
be 

T P 20nsia 

s 2 -s e =c„ In— R In — = -(0.06855 Btu/lbm • R) In — — — = 0.02779 Btu/lbm • R 

T e P e 30 psia 

.y | -S=c n In— Rln — = -(0.06855 Btu/lbm • R) In 4 ° pSm = -0.01972 Btu/lbm • R 

1 e p T e P e 30 psia 

Substituting, the exergy destruction is determined to be 

^destroyed = ^gen =T 0 [m 2 (s 2 -S e )~m x (s x -S e )] 

= (530 R)[(21.93 lbm)(0. 02779 Btu/lbm - R) - (43.86 lbm)(-0.01972 Btu/lbm- R)] = 782 Btu 


c _ c 

° in ° out 


+ 5 


gen 


Net entropy transfer Entropy 
by heat and mass generation 

-m e s e +S gca 


S 


gen 
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8-82 A cylinder initially contains helium gas at a specified pressure and temperature. A valve is opened, and helium is 
allowed to escape until its volume decreases by half. The work potential of the helium at the initial state and the exergy 
destroyed during the process are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process by using constant average properties for the helium leaving the tank. 2 Kinetic 
and potential energies are negligible. 3 There are no work interactions involved other than boundary work. 4 The tank is 
insulated and thus heat transfer is negligible. 5 Helium is an ideal gas with constant specific heats. 

Properties The gas constant of helium is R = 2.0769 kPa.m Vkg.K = 2.0769 kJ/kg.K. The specific heats of helium are c p = 
5.1926 kJ/kg.K and c u = 3.1 156 kJ/kg.K (Table A-2). 

Analysis (a) From the ideal gas relation, the initial and the final masses in the cylinder are determined to be 


m l 


RT X 


(300kPa)(0.1m 3 ) 
(2.0769 kPa • m 3 /kg • K)(293 K) 


0.0493 kg 


m e ~ m 2 = m \ / 2 = 0.0493 / 2 = 0.0247 kg 


The work potential of helium at the initial state is simply the initial exergy of 
helium, and is determined from the closed-system exergy relation, 

o, =m l </> = m 1 [(u 1 -u 0 )-T 0 (s i -s 0 ) + P 0 (v 1 -v 0 )] 

where 


= *Z- = (2 -° 769kPa ;„ m /^' K)(293K) = 2.0284 m 3 /kg 


R 


300 kPa 


c 0 = ^5 l = (2.0769 kPa. m 3 /kg.K)(293K) = ^ ^ 


R 


o 


95 kPa 


and 


HELIUM 
300 kPa 
0. 1 m 3 ‘ 

20°C - 


Q 

h> 


S \ S 0 


T P 

= c In — - R In — 

P T p 

i 0 r o 

= (5. 1926 kJ/kg • K) In - (2.0769 kJ/kg • K) In 3 °° kPa 

293 K 95 kPa 


= -2.388 kJ/kg K 


Thus, 

O j = (0.0493 kg) {(3 . 1 1 56 kJ/kg • K)(20 - 20)°C - (293 K)(-2.3 88 kJ/kg • K) 

+ (95 kPa)(2.0284 - 6.405)m 3 /kg[kJ/kPa • m 3 ]} 

= 14.0 kj 

(b) We take the cylinder as the system, which is a control volume. Noting that the microscopic energies of flowing and 
nonflowing fluids are represented by enthalpy h and internal energy u , respectively, the mass and energy balances for this 
uniform-flow system can be expressed as 

Mass balance : 

'»in - »'out = Am system “> m e= m \ ~ m l 

Energy balance : 

-^in — ^out — system 

41 v ' v V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

£?in ~m e h e +W bM = m 2 u 2 -n h u x 
Combining the two relations gives 
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Qrn = ( m \ -mi) h e +m 2 u 2 -m x u x -W b - m 
= (m x ~m 2 )h e +m 2 h 2 - m x h x 
= (m x - m 2 +m 2 -m x )h x 
= 0 

since the boundary work and A U combine into AH for constant pressure expansion and compression processes. 

The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition X destroyed = T 0 S gen where the entropy generation S gen can be determined from an entropy balance on the cylinder. 

Noting that the pressure and temperature of helium in the cylinder are maintained constant during this process and heat 
transfer is zero, it gives 

c _ c + c - ac 

° in ° out / T ° gen ^ system 

Net entropy transfer Entropy Change 
by heat and mass generation in entropy 

— m e S e + ^*gen — cylinder — i m 2 s 2 ~ m 1 s 1 ) cylinder 

•Sgen =m 2 s 2 -m l s 1 +m e s e 

= m 2 s 2 -m x s l +{m x -m 2 )s e 
= (m 2 - m x + m x -m 2 )s x 

= 0 

since the initial, final, and the exit states are identical and thus s e = s 2 = s x . Therefore, this discharge process is reversible, 
and 

^destroyed — ^O^gen — ® 
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8-83 A rigid tank initially contains saturated R-134a vapor at a specified pressure. The tank is connected to a supply line, 
and R- 1 34a is allowed to enter the tank. The amount of heat transfer with the surroundings and the exergy destruction are to 
be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform- flow process since the state of fluid at the inlet remains constant. 2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is from the tank (will be 
verified). 

Properties The properties of refrigerant are (Tables A-l 1 through A- 13) 

u \ ~ u g @ iMPa = 250.68 kJ/kg 


P x = 1 MPa 


sat.vapor 

P i =1.4 MPa 
T, = 60°C 


r s \ ~ ^(glMPa 
u \ = V g @ IMPa 


0.91558 kJ/kg K R " 134a .> 

0.020313 m 3 / kg 

hj = 285.47 kJ/kg 
Sj = 0.93889 kJ/kg K 

Analysis {a) We take the tank as the system, which is a control volume since mass 
crosses the boundary. Noting that the microscopic energies of flowing and 
nonflowing fluids are represented by enthalpy h and internal energy u , respectively, 
the mass and energy balances for this uniform- flow system can be expressed as 
Mass balance : m m -m out = Arn system — » m t - m 2 -m x 

Energy balance : 

A E 


1.4 MPa 
60°C 


■> 



Q 


E out 

V J 

V 

Net energy transfer 
by heat, work, and mass 


' system 


Change in internal, kinetic, 
potential, etc. energies 


m l h i - g out = m 2 u 2 -m l u l (since W + ke + pe + 0) 
The initial and the final masses in the tank are 


{/ 


0.2 m 


= 


0.020313m 3 /kg 


V f V 


m 2 = m / + m g = — -f 


g 


= 9.846 kg 


0.1m 


0.1m 


t/ 


= 1 1 1.93 + 5.983 = 1 17.91kg 


7 i/ g 0.0008934m /kg 0.016715 m J /kg 
U 2 =m 2 u 2 = m f u f +m g u g = 1 1 1.93 x 1 16.70 + 5.983 x 253.81 = 14,581 kJ 
S 2 =m 2 s 2 =m f s f +m g s g =111.93x0.42441 + 5.983x0.91303 = 52.967 kJ/K 

Then from the mass and energy balances, 

m i = m 2 - m x ~ 1 17.91 - 9.846 = 108.06 kg 

The heat transfer during this process is determined from the energy balance to be 

gout = m i^i ~ m i u 2 + m \ u \ - 108.06x285.47-14,581 + 9.846x250.68 = 18,737 kJ 
(b) The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition A destroyed = To^gen • The entropy generation A gen in this case is determined from an entropy balance on an 

extended system that includes the cylinder and its immediate surroundings so that the boundary temperature of the extended 
system is the surroundings temperature T surr at all times. It gives 


^in ^out + 

V J 

^gen 

system 

V 

Net entropy transfer 

Entropy 

V 

Change 

by heat and mass 

generation 

in entropy 

- out +m,s 

T 1 

1 b,out 

+ S’ 

i 1 ^gen 

= ^tank = ( m 2 


V 

gen 

= m 2 s 2 -m x s x 


Q 


out 


i 


77 


Substituting, the exergy destruction is determined to be 


^destroyed Eq ^gen Eq 


m 2 s 2 -m l s l -m i s i + 


Q 


out 


T n 


= (298 K)[52.967- 9.846 x 0.91558-108.06x0.93889 + 18,737/298] 

= 1599 kJ 
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8-84 An insulated cylinder initially contains saturated liquid-vapor mixture of water. The cylinder is connected to a supply 
line, and the steam is allowed to enter the cylinder until all the liquid is vaporized. The amount of steam that entered the 
cylinder and the exergy destroyed are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 The expansion process is 
quasi-equilibrium. 3 Kinetic and potential energies are negligible. 4 The device is insulated and thus heat transfer is 
negligible. 

Properties The properties of steam are (Tables A-4 through A-6) 

P x = 300 kPa 1 h x - hj + x x hj g = 561.43 + 0.8667 x 2163.5 = 2436.5 kJ/kg 
jcj =13/15 = 0.8667 s x =.sy + x x s f g =1.6716 + 0.8667 x 5.3200 = 6.2824 kJ/kg • K 


P 2 =300 kPa }h 2 =h g@ sookPa =2724.9 kJ/kg 
sat.vapor J s 2 =s g@300kPa = 6.9917 kJ/kg • K 


P t =2 MPa 1 = 3248.4 kJ/kg 

T,- = 400°C j s t = 7.1292 kJ/kg ■ K 

Analysis ( a ) We take the cylinder as the system, which is a control volume. 
Noting that the microscopic energies of flowing and nonflowing fluids are 
represented by enthalpy h and internal energy u , respectively, the mass and 
energy balances for this unsteady- flow system can be expressed as 

Mass balance : m in —m out = Am system — » m l - m 2 -m x 

Energy balance : 

fin ~ ^out — ^^system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

m i h i = W h out +m 2 u 2 - m x u , (since Q = ke = pe = 0) 
Combining the two relations gives 0 = W bout -(m 2 -m x )h i +m 2 u 2 -m l u x 
or, 0 = -(aw 2 - m x )h t + m 2 h 2 - m x h x 



since the boundary work and A U combine into A H for constant pressure expansion and compression processes. Solving for 
m 2 and substituting, 


hi - h x 

m 2 = m, 

hi -hi 


(3248.4 - 2436.5)kJ/kg 
(3248.4 - 2724.9)kJ/kg 


(15 kg) = 23.27 kg 


Thus, nij = m 2 - m x = 23.27 - 15 = 8.27 kg 

(b) The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition X destroyed = T 0 S gen where the entropy generation S gcn is determined from an entropy balance on the insulated 

cylinder, 

— AA system 

v J 

v 

Change 
in entropy 

= ^system = m 2 s 2 ~ m \ s \ 

= m 2 s 2 -m x s x -nijSi 
Substituting, the exergy destruction is determined to be 

2f destroyed “ ^ofien = ^ol m 2 S 2 ~ m l S l ~ m i s i] 

= (298 K)(23.27 x 6.9917 - 15 x 6.2824 - 8.27 x 7.1292) 

= 2832 kj 


^in ^out 


+ s 


gen 


Net entropy transfer Entropy 

by heat and mass generation 

m^i+Agen 


S 


gen 
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8-85 Each member of a family of four takes a shower every day. The amount of exergy destroyed by this family per year is 
to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The kinetic and potential energies are negligible. 3 Heat losses from 
the pipes, mixing section are negligible and thus Q = 0. 4 Showers operate at maximum flow conditions during the entire 

shower. 5 Each member of the household takes a shower every day. 6 Water is an incompressible substance with constant 
properties at room temperature. 7 The efficiency of the electric water heater is 100%. 

Properties The density and specific heat of water are at room temperature are p = 997 kg/m 3 and c = 4.18 kJ/kg.°C (Table 
A-3). 

Analysis The mass flow rate of water at the shower head is 
m = pO = (0.997 kg/L)(10L/min) = 9.97 kg/min 
The mass balance for the mixing chamber can be expressed in the rate form as 

a • T'O (steady) A • . • . • 

'"in - "'out = Am system = ° -> m m = >M out -> Blj + m 2 = W 3 

where the subscript 1 denotes the cold water stream, 2 the hot water stream, and 3 the mixture. 

The rate of entropy generation during this process can be determined by applying the rate form of the entropy 
balance on a system that includes the electric water heater and the mixing chamber (the T-elbow). Noting that there is no 
entropy transfer associated with work transfer (electricity) and there is no heat transfer, the entropy balance for this steady- 
flow system can be expressed as 

c_c , c _ a o ^ ( stead y) 

o in out ° gen system 

Rate of net entropy transfer Rate of entropy Rate of change 

by heat and mass generation of entropy 

m l s l +m 2 s 2 -m 3 s 3 -\- 5 en = 0 (since Q- 0 and work is entropy free) 

Sgen = m 3 s 3 -m x s x — m 2 s 2 

Noting from mass balance that m x + m 2 = m 3 and s 2 = s\ since hot water enters the system at the same temperature as the 
cold water, the rate of entropy generation is determined to be 

T 3 

•Sgen = m 3 s 3 -(m l +m 2 )s l = m 3 (s 3 - s^) = m 3 c p ln— 

1 \ 

42 + 273 

= (9.97 kg/min)(4.18 kJ/kg.K)ln = 3.735 kJ/min.K 

15 + 273 

Noting that 4 people take a 6-min shower every day, the amount of entropy generated per year is 

Sgen = (5 , gen )A^(No.of people)(No. of days) 

= (3.735 kJ/min.K)(6 min/person • day)(4 persons)(365 days/year) 

= 32,7 1 5 kJ/K (per year) 

The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition X d estroye d — ^o^gen > 

^destroyed = %n = (298 K)(32,715 kJ/K) = 9,749,000 kj 

Discussion The value above represents the exergy destroyed within the water heater and the T-elbow in the absence of any 
heat losses. It does not include the exergy destroyed as the shower water at 42°C is discarded or cooled to the outdoor 
temperature. Also, an entropy balance on the mixing chamber alone (hot water entering at 55°C instead of 15°C) will 
exclude the exergy destroyed within the water heater. 
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8-86 Liquid water is heated in a chamber by mixing it with superheated steam. For a specified mixing temperature, the mass 
flow rate of the steam and the rate of exergy destruction are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 

Properties Noting that T < T sat @ 200 kPa = 1 20.23 °C, the cold water and the exit mixture streams exist as a compressed liquid, 
which can be approximated as a saturated liquid at the given temperature. From Tables A-4 through A-6, 


P x = 200 kPa 
T x = 15°C 

P 2 = 200 kPa 
T 2 = 200°C 

P 3 = 200 kPa 
T 3 = 80°C 


/7 l= / '/@15-C =62 ' 98kJ/k g 
s x = s f@ l5 o C = 0.22447 kJ/kg • K 


h 2 = 2870.4 kJ/kg 
s 2 = 7.5081 kJ/kg • K 


600 kJ/min 


G> 


^3 - ^/@ 80 °c -335.02 kJ/kg 

f@ 80 c 


s 3 — s f(a), 80 °c _ 1-0756 kJ/kg • K 


Analysis (a) We take the mixing chamber as the system, which is a 
control volume. The mass and energy balances for this steady-flow 
system can be expressed in the rate form as 


d> 



7 


4 kg/s 

MIXING 



CHAMBER 

80°C ^ 


200 kPa 


j 200°^ 




Mass balance: 
Energy balance: 


a • <^0 (steady) A v • • 

m m ~ m out = ^system = 0 > m \ + m 2 = m 3 


^out 


A E 


710 (steady) 


system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^ in — -^out 

mh x +m 2 h 2 =Q oui +m 3 h 3 

Combining the two relations gives Q ou t = m x h x + rh 2 h 2 - (m x +m 2 )h 3 = m x {hi-h 3 )+m 2 (h 2 ~h 3 ) 
Solving for m 2 and substituting, the mass flow rate of the superheated steam is determined to be 

6out - m \ (>h - ) (600/60 kJ/s) - (4 kg/sX62.98 - 335.02)kJ/kg 


m i = 


h 2 -h 3 (2870.4- 335.02 )kJ/kg 

Also, m 3 = m x + m 2 = 4 + 0.429 = 4.429 kg/s 


0.429 kg/s 


(b) The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition A destroyed = T 0 S gQn where the entropy generation S gcn is determined from an entropy balance on an extended 

system that includes the mixing chamber and its immediate surroundings. It gives 


A in ^ out 


+ 


s 


gen 


= AS 




system 


= 0 


Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 


m x s x +m 2 s 2 -m 3 s 3 


Q 


out 


r, 


t-Sgen =0 s ecn =m 3 s 3 -m l s l -m 2 s 2 + 


Q 


out 


gen 


b,surr 


P n 


Substituting, the exergy destruction is determined to be 


^destroyed ^0^ gen ^0 


m 3 s 3 - m 2 s 2 - m x s x + 


0 


out 


Tu 


b,surr J 

= (298 K)(4.429 x 1 .0756 - 0.429 x 7.508 1 - 4 x 0.22447 + 10/ 298)kW/K 

= 202 k W 
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8-87 Air is preheated by hot exhaust gases in a cross-flow heat exchanger. The rate of heat transfer and the rate of exergy 
destruction in the heat exchanger are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 


Properties The specific heats of air and combustion gases are given to be 1.005 and 1.10 kJ/kg.°C, respectively. The gas 
constant of air is R = 0.287 kJ/kg.K (Table A-l). 


Analysis We take the exhaust pipes as the system, which is a control 
volume. The energy balance for this steady-flow system can be 
expressed in the rate form as 


^in ^out 


a p *0 (steady) 
system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 

mh x - Q out + mh 2 (since Ake = Ape = 0) 
6out =™C P ( T \ ~ T i) 


Then the rate of heat transfer from the exhaust gases becomes 



Q = \pic p (T m - r out )] gas =(1.1 kg/s)(l. 1 kJ/kg.°C)(240°C - 1 90°C) = 60.5 kW 


The mass flow rate of air is 


. P0 (101 kPa)(0.5 m 3 /s) , 

m = = - = 0.5807 kg/s 

RT (0.287 kPa.m 3 /kg.K)x 303 K 


Noting that heat loss by exhaust gases is equal to the heat gain by the air, the air exit temperature becomes 
Q = \™C P (To* - Pn )L r out = Tin + — = 30°C + = 133. 7°C 


me 


p 


(0.5807 kg/s)( 1.005 kJ/kg.°C) 


The rate of entropy generation within the heat exchanger is determined by applying the rate form of the entropy balance on 
the entire heat exchanger: 


e _ c 

° in ° out 


+ 


s 


gen 


= AS 


<^0 (steady) 


system 


Rate of net entropy transfer Rate of entropy 
by heat and mass generation 


Rate of change 
of entropy 


m l s l +m 3 s 3 - m 2 s 2 ~ + S n = 0 (since Q = 0) 

™ exhaust S \ +^ a ir^3 ~ ™ exhaust S 2 ~^air s 4 ^ gen ~ 0 

^gen “^exhaust (^2 — ^ 1 ) + ^ a ir (^4 — 


Noting that the pressure of each fluid remains constant in the heat exchanger, the rate of entropy generation is 

T T 

5 gen = ^exhaust C p ln A + "’air c p ln A 

190 + 273 133 7 + 273 

= (1.1 kg/s)( 1 . 1 kJ/kg.K)ln — + (0.5807 kg/s)( 1 .005 kJ/kg.K)ln — 

240 + 273 30 + 273 

= 0.04765 kW/K 

The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition 2f destroyed —TqS g en , 


^destroyed = ^gen = (303 K)(0.04765 kW/K) = 14.4 kW 
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8-88 Water is heated by hot oil in a heat exchanger. The outlet temperature of the oil and the rate of exergy destruction 
within the heat exchanger are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 


Properties The specific heats of water and oil are given to be 4.18 and 2.3 kJ/kg.°C, respectively. 


Analysis We take the cold water tubes as the system, which is a control volume. 
The energy balance for this steady-flow system can be expressed in the rate form as 


-^in -^out 


71 0 (steady) 

L * j - J system 


= 0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in = ^out 


70°C 


Water 
20°C - 
4.5 kg/s 


Q m + mh x = mh 2 (since Ake = Ape = 0) 

Qin =rhc p (T 2 -T x ) 

Then the rate of heat transfer to the cold water in this heat exchanger becomes 

Q = [rnc p (r out -T m )] water = (4.5 kg/s)(4.18 kJ/kg. o C)(70°C -20°C) - 940.5 kW 


on 

' 170°C 
I 10 kg/s 


D 





P z 



sX> 

(12 tube passes) 


) 


t 


Noting that heat gain by the water is equal to the heat loss by the oil, the outlet temperature of the hot water is determined 
from 


Q = [me {T m -r out )] oil T out =T in 


Q 


= 170°C 


940.5 kW 


me 


p 


(10 kg/s)(2.3kJ/kg.°C) 


= 129.1°C 


(b) The rate of entropy generation within the heat exchanger is determined by applying the rate form of the entropy balance 
on the entire heat exchanger: 


^in ^out 


+ s 


gen 


= AS 


+0 (steady) 


system 


Rate of net entropy transfer Rate of entropy 
by heat and mass generation 


Rate of change 
of entropy 


m x s x + m 3 s 3 - m 2 s 2 -m 3 s 4 + S gen = 0 (since Q = 0) 

^ water S 1 ^ oil S 3 — ^ water S 2~ ™ oil ^ 4 + ^gen — 9 


^gen ^ water (^2 S \ ) ^oil (^4 s 3^ 


Noting that both fluid streams are liquids (incompressible substances), the rate of entropy generation is determined to be 

T T 

5 gen = '"water c p ln +- + '«oil c p ln ~ZT 

1 \ 1 3 

= (4.5 kg/s)(4. 1 8 kJ/kg.K) ln 7 ° - + 273 +(10 kg/s)(2.3 kJ/kg.K) ln 129 - 1 _ +273 . = 0.736 kW/K 

20 + 273 170 + 273 

The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition X destroyed = T 0 S gen , 

^destroyed = ^gen = (298 K)(0.736 kW/K) = 219 kW 
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8-89E Steam is condensed by cooling water in a condenser. The rate of heat transfer and the rate of exergy destruction 
within the heat exchanger are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 5 The temperature of the 
environment is 77°F. 


Properties The specific heat of water is 1.0 Btu/lbm.°F (Table A-3E). The enthalpy and entropy of vaporization of water at 
120°F are 1025.2 Btu/lbm and s fg = 1.7686 Btu/lbm.R (Table A-4E). 


Analysis We take the tube-side of the heat exchanger where cold water is flowing as the system, which is a control volume. 
The energy balance for this steady-flow system can be expressed in the rate form as 


^in ^out 

V 

Rate of net energy transfer 
by heat, work, and mass 


a + 710 (steady) 

L * £j system 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 




Q in + mh x = mh 2 


(since Ake = Ape = 0) 


Q m = me p (T 2 -T x ) 


Then the rate of heat transfer to the cold water in this heat exchanger becomes 
Q — [me p (T out — T m )] water 

= (1 15.3 lbm/s)(l .0 Btu/lbm.°F)(73°F - 60°F) = 1499Btu/s 


Noting that heat gain by the water is equal to the heat loss by the condensing 
steam, the rate of condensation of the steam in the heat exchanger is 
determined from 


I 

a 

<S 

(S 

<£ 

(£ 

(S 


Steam 

120°F 


3 ) 

3 ) 

3 ) 

3 ) 


120°F 


u 

i 


73°F 


60°F 


Water 


Q (mh jg ) s t eam 


x ffi 

" 1 steam 



1499 Btu/s 
1025.2 Btu/lbm 


= 1.462 lbm/s 


(b) The rate of entropy generation within the heat exchanger is determined by applying the rate form of the entropy balance 
on the entire heat exchanger: 


*5* in ^out 


+ 




gen 


= AS 


+0 (steady) 


system 


Rate of net entropy transfer Rate of entropy 
by heat and mass generation 


Rate of change 
of entropy 


m x s x + m 3 s 3 -m 2 s 2 -m 4 s 4 +S gQn = 0 (since Q = 0) 

^ water N ~*~^steam^3 ~ ^ water ^2 ~ ^ steam s 4 + ^gen — ^ 


^gen ^ water ( s 2 S\) + m 


steam 


(«4 - s i) 


Noting that water is an incompressible substance and steam changes from saturated vapor to saturated liquid, the rate of 
entropy generation is determined to be 


S ir ^ = m mnt „c „ In 


gen 


water p 


h 

T, 


m 


(, Sf-s e ) = m w3tet c In 


steam V 0 f ° g 


h 

T, 


m steam ^ fg 


= (115.3 lbm/s)( 1 .0 Btu/lbm. R)ln 73 + 460 - (1 .462 lbm/s)( 1 .7686 Btu/lbm.R) = 0.2613 Btu/s.R 

60 + 460 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition 2f destroyed — TqS gen , 


X destroyed = ^O^gen = (537 R)(0.2613 Btu/s.R) = 140.3 Btll/s 
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8-90 Steam expands in a turbine, which is not insulated. The reversible power, the exergy destroyed, the second-law 
efficiency, and the possible increase in the turbine power if the turbine is well insulated are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Potential energy change is negligible. 

Analysis ( a ) The properties of the steam at the inlet and exit of the turbine are (Tables A-4 through A-6) 


P x = 9 MPa 
T x = 600°C 

P 2 = 20 kPa 
x 2 - 0.95 


h x = 3634.1kJ/kg 
s x = 6.9605 kJ/kg.K 

h 2 = 2491.1 kJ/kg 
' s 2 = 7.5535 kJ/kg.K 


Steam 
9 MPa 


The enthalpy at the dead state is 

T 0 = 25°C 
x = 0 


\h 0 =104.83 kJ/kg 


The mass flow rate of steam may be determined from an energy balance on 
the turbine 



m 


h x + 


V x 


2 ^ 


2 


m 


3634.1 kJ/kg 


(60 m/s) 


2 


1 kJ/kg 


2 / 2 


1000 m z /s 


= m 


= m 


h 2 + 


Vi 

2 


2 ^ 


+ Sout + W a 


2491.1 kJ/kg 


(130 m/s) 


2 


1 kJ/kg 


2 / 2 


1000 m z /s 


+ 220 kW + 4500 kW > m = 4. 1 37 kg/s 

The reversible power may be determined from 


If rev = in 


h \ ~ h 2 ~ T o( s l ~ s l) + 


Vf-V? 

2 


= (2.693) 


(3634. 1 - 2491 .1) - (298)(6.9605 - 7.5535) + 


(60 m/s) 2 -(130 m/s) 


2 


1 kJ/kg 


2/2 


1000 m z /s 


= 5451kW 

(b) The exergy destroyed in the turbine is 

^dest = Kev ~W a =5451- 4500 = 951 kW 

(c) The second-law efficiency is 

K 4500 kW 


= 


W rev 545 lkW 


0.826 


( d) The energy of the steam at the turbine inlet in the given dead state is 

Q = m(h x - h 0 ) = (4. 1 37 kg/s)(3634. 1 - 1 04.83)kJ/kg = 14,602 kW 

The fraction of energy at the turbine inlet that is converted to power is 

W 4500 kW 
f = —A = = 0.3082 

Q 14,602 kW 

Assuming that the same fraction of heat loss from the turbine could have been converted to work, the possible increase in 
the power if the turbine is to be well-insulated becomes 


W: 


increase 


= fQout = (0.3082)(220 kW) = 67.8 kW 
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8-91 Air is compressed in a compressor that is intentionally cooled. The actual and reversible power inputs, the second law 
efficiency, and the mass flow rate of cooling water are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Potential energy change is 
negligible. 3 Air is an ideal gas with constant specific heats. 

Properties The gas constant of air is R = 0.287 kJ/kg.K and the specific heat of 
air at room is c p = 1.005 kJ/kg.K. the specific heat of water at room 
temperature is c w = 4.18 kJ/kg.K (Tables A-2, A-3). 

Analysis {a) The mass flow rate of air is 


m = pO x - — — (/, = 
RL 


(100 kPa) 


(0.287 kJ/kg.K)(20 + 273 K) 


(4.5 m 3 /s) = 5.351 kg/s 


The power input for a reversible-isothermal process is given by 


900 kPa 
60°C 



W rev = mRT x In 


h 

p 


= (5.351 kg/s)(0.287 kJ/kg.K)(20 + 273 K)ln 


900 kPa 
100 kPa 


= 988.8 kW 


Given the isothermal efficiency, the actual power may be determined from 


W 

W rev 


actual 


It 


988.8 kW 
0.70 


= 1413 kW 


( b ) The given isothermal efficiency is actually the second-law efficiency of the compressor 

'7 ii = Vt = 0.70 

(c) An energy balance on the compressor gives 


Cout = m 


c p (T l -T 2 ) + 


vlzXL 

2 


+ w. 


actual, in 


= (5.351 kg/s) 


(1 .005 kJ/kg.°C)(20 - 60)°C + 


0 - (80 m/s) 2 ( lkJ/kg 


2 


1000 m 2 /s 2 


+ 1413kW 


= 1181 k W 

The mass flow rate of the cooling water is 
Q out 1181kW 


ffl = 


c w AT (4.18 kJ/kg.°C)( 1 0°C) 


28.25 kg/s 
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8-92 Water is heated in a chamber by mixing it with saturated steam. The temperature of the steam entering the chamber, 
the exergy destruction, and the second-law efficiency are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Heat loss from 
the chamber is negligible. 


Analysis (a) The properties of water are (Tables A-4 through A-6) 


T x = 15°C 
x { =0 
T 3 = 45°C 
x { = 0 


h x =h 0 = 62.98 kJ/kg 
s { = s 0 = 0.22447 kJ/kg.K 

h 3 =188.44 kJ/kg 
s 3 = 0.63862 kJ/kg.K 


An energy balance on the chamber gives 



Mixture 

45°C 


m,/?i + rh 2 h 2 = m 3 h 3 = (m, + m 2 )h 3 

(4.6 kg/s)(62.98 kJ/kg) + (0.23 kg/s )h 2 = (4.6 + 0.23 kg/s)(l 88.44 kJ/kg) 

h 2 = 2697.5 kJ/kg 


The remaining properties of the saturated steam are 


h 2 =2697.5 kJ/kgl r 2 =114.3°C 
* 2 =1 J s 2 =7.1907 kJ/kg.K 


(b) The specific exergy of each stream is 

^i=0 

Vl = ^2 - K - To ( s 2 - 5 o) 

= (2697.5 -62.98)kJ/kg -(15 + 273 K)(7.1907 -0.22447)kJ/kg.K = 628.28 kJ/kg 
^3 = ^3 “ K ~ ^o( 5 3 - 5 o) 

= (1 88.44 - 62.98)kJ/kg - (15 + 273 K)(0.63862 - 0. 22447 )kJ/kg.K = 6. 18 kJ/kg 

The exergy destruction is determined from an exergy balance on the chamber to be 

^dest ="Wi +m 2 y/ 2 ~{m { +m 2 )y/ 3 

= 0 + (0.23 kg/s)(628.28 kJ/kg) - (4.6 + 0.23 kg/s)(6. 1 8 kJ/kg) 

= 114.7 kW 

(c) The second-law efficiency for this mixing process may be determined from 

= (m { + m 2 )y/ 3 = (4.6 + 0.23 kg/s)(6. 1 8 kJ/kg) = Q 
m l y/ l +m 2 y/ 2 0 + (0.23 kg/s)(628. 28 kJ/kg) 
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8-93 An expression is to be derived for the work potential of the single-phase contents of a rigid adiabatic container when 
the initially empty container is filled through a single opening from a source of working fluid whose properties remain 
fixed. 

Analysis The conservation of mass principle for this system reduces to 

dm cw 

= m. 

dt 


where the subscript i stands for the inlet state. When the entropy generation is set to zero (for calculating work potential) 
and the combined first and second law is reduced to fit this system, it becomes 



d(U -T 0 S) 
dt 


(h-T 0 S) i rh i 


When these are combined, the result is 



d(U -T 0 S) 
dt 


( h-T 0 S) t 


dm CY 

dt 


Recognizing that there is no initial mass in the system, integration of the above equation produces 
Kev =(h-T 0 s) i m 2 -m 2 (h 2 - T 0 s 2 ) 

— = (h i -h 2 )-T 0 (s i -s 2 ) 
m 2 

where the subscript 2 stands for the final state in the container. 
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Review Problems 


8-94E The 2 nd -law efficiency of a refrigerator and the refrigeration rate are given. The power input to the refrigerator is to 
be determined. 

Analysis From the definition of the second law efficiency, the COP of the refrigerator is determined to be 

1 


COP 


R,rev 


Vll = 


1 

T h !T l -1 ~ 550/485 - 1 
COP R 
COP 


= 7.462 


> COP R = 77iiCOP r rev = 0.28 x 7.462 = 2.089 


CjW°F 


tj ii — 0.28 


R,rev 


© 


Thus the power input is 


800 Btu/min 


W;„ = 


Q, 800 Btu/min ** 


in 


COP R 


2.089 


lhp 


42.41 Btu/min 


= 9.03hp 


(^25°F 


8-95 Refrigerant- 13 4a is expanded adiabatically in an expansion valve. The work potential of R- 134a at the inlet, the 
exergy destruction, and the second-law efficiency are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis ( a ) The properties of the refrigerant at the inlet and exit of the valve and at dead state are (Tables A-l 1 through A- 
13) 


P x =0.9 MPa 
T x = 30°C 
P 2 = 120 kPa 
h 2 =h x = 93.57 kJ/kg 

P 0 =100 kPa 
T 0 = 20°C 


h x =93.57 kJ/kg 
= 0.34751 kJ/kg.K 

>s 2 = 0.37614 kJ/kg.K 


h 0 =272.17 kJ/kg 
s 0 =1.0918 kJ/kg.K 


R-134a 
0.9 MPa 
30°C 


¥ 



120 kPa 


The specific exergy of the refrigerant at the inlet and exit of the valve are 
¥\ = h \ ~K ~ T o( s i ~ s o) 

= (93.57 - 272. 1 7)kJ/kg - (20 + 273. 1 5 K)(0.3475 1 - 1 .09 1 8)kJ/kg • K 

= 39.59 kJ/kg 


Vi ~ h 2 h 0 T 0 (s 2 s 0 ) 

= (93.57 - 272. 1 7)kJ/kg - (20 + 273. 1 5 K)(0.37614 - 1 .09 1 8 kJ/kg.K 
= 31.20 kJ/kg 

( b ) The exergy destruction is determined to be 

x dest = ^o(^2 ~ s \) 

= (20 + 273. 15 K)(037614 - 0.3475 l)kJ/kg • K 

= 8.39 kJ/kg 


(c) The second-law efficiency for this process may be determined from 


*7h = 


¥_ 2 
¥x 


3 1.20 kJ/kg 
39.59 kJ/kg 


= 0.788 = 78.8% 
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8-96 Steam is accelerated in an adiabatic nozzle. The exit velocity, the rate of exergy destruction, and the second-law 
efficiency are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Potential energy changes are negligible. 

Analysis ( a ) The properties of the steam at the inlet and exit of the turbine and at the dead state are (Tables A-4 through A- 

6 ) 

P x = 3.5 MPa ]h x = 2978.4 kJ/kg 
T x = 300°C L = 6.4484 kJ/kg.K 

. Steam 1.6 MPa 

P 2 =l-6kPa h 2 = 2919.9 kJ/kg 3.5 MPa ^ 250°C 

T 2 = 250°C j s 2 =6.6753 kJ/kg.K 300°C V 2 

r 0 =18°CU 0 =75.54 kJ/kg ^ 

x = 0 s 0 = 0.2678 kJ/kg.K 


1.6 MPa 
250°C 

Vi 


The exit velocity is determined from an energy balance on the nozzle 


, , , , V? 

H = n 2 -I 

2 2 


2978.4 kJ/kg + 


(Om/s)" ( 1 kJ/kg 


2 1 1000 m'/s 


V, 

= 2919.9 kJ/kg + — - 


T 1 kJ/kg 

2 V 1000 m 2 /s 2 


V, =342.0 m/s 


( b ) The rate of exergy destruction is the exergy decrease of the steam in the nozzle 

r v 2 - F1 2 

^dest =m h 2 -h\ + T g {s 2 -Si 


= (0.4 kg/s) 


(2919.9 -2978.4)kJ/kg + 


(342 m/s) 2 -Of 1 kJ/kg 


1000 m 2 /s 2 


- (291 K)(6.6753 - 6.4484)kJ/kg.K 


= 26.41 kW 

(c) The exergy of the refrigerant at the inlet is 


Xi = m h { -h 0 +~Y~ T 0 (Si - s 0 

= (0.4 kg/s)[(2978.4 - 75.54) kJ/kg + 0 - (291 K)(6.4484 - 0.2678)kJ/kg.K] 

= 441.72 kW 

The second-law efficiency for this device may be defined as the exergy output divided by the exergy input: 

X 2 , L dest , 26.41 kW .... 

/7 ,t =^- = 1 3£2L = 1 = 0.940 

X i X x 441.72 kW 
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8-97 R-134a is expanded in an adiabatic process with an isentropic efficiency of 0.85. The second law efficiency is to be 
determined. 


Assumptions 1 Kinetic and potential energy changes are negligible. 2 The device is adiabatic and thus heat transfer is 
negligible. 

Analysis We take the R-134a as the system. This is a closed system since no mass enters or leaves. The energy balance for 
this stationary closed system can be expressed as 


-^in ^out 


A E 


system 


N et energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

~W out = AU - m(u 2 -«i) 

From the R-134a tables (Tables A-l 1 through A- 13), 

c/j = 0.014362 m 3 /kg 


P x = 1600kPa 
T x = 80°C 


P 2 = 1 00 kPa 

s 2 s = s \ 


u | = 282.09 kJ/kg 
s ! =0.9875 kJ/kg K 

\u 2s =223. 16 kJ/kg 



The actual work input is 

Wa.out = 7 1t w s,o\a = *7r(«i -«2 s) = (0. 85)(282 . 09 - 223 . 16)kJ/kg = 50.09 kJ/kg 
The actual internal energy at the end of the expansion process is 


w. 


= (u x -u 2 ) >u 2 =u x -w a out = 282.09-50.09 = 232.00 kJ/kg 


fl,out _ V w l w 2/ ' - u \ vv a, out 

Other actual properties at the final state are (Table A- 13) 


P 2 = lOOkPa 
u 2 = 232.00 kJ/kg 


c/ 2 = 0.2139 m J /lbm 


= 1.0251 kJ/kg -K 
The useful work is determined from 

-p 0 (t / 2 -i/j) 

= 50.09 kJ/kg - (100 kPa)(0.2139 - 0.014362) m 3 /kg 
= 30. 14 kJ/kg 


w = W . — W = W 
u a, out surr a, out 


lkJ 


lkPa-m 


The exergy change between initial and final states is 


(/>\ (j) 2 -u x u 2 +T > o( </ i u i) T 0 (s x s 2 ) 


- (282.09 - 232.00)kJ/kg + (1 00 kPa)(0.0 14362 - 0.2 139) m 



lkJ 

1 kPa • m 3 


\ 


J 


- (298 K)(0.9875 - 1 .025 l)kJ/kg • K 
= 41.34 kJ/kg 


The second law efficiency is then 

w jL= 30 .14kJ / kg =o_729 

A (j> 41.34 kJ/kg 
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8-98 Steam is condensed in a closed system at a constant pressure from a saturated vapor to a saturated liquid by rejecting 
heat to a thermal energy reservoir. The second law efficiency is to be determined. 


Assumptions 1 Kinetic and potential energy changes are negligible. 


Analysis We take the steam as the system. This is a closed system since no mass enters or leaves. The energy balance for 
this stationary closed system can be expressed as 


fin ^out system 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

W b , in -£?out = At/ = m(u 2 -u{) 

From the steam tables (Table A-5), 

c/j =v g = 2.2172m 3 /kg 

> u x =u g = 2496.1 kJ/kg 
J Sl = Sg =7.4558 kJ/kg-K 

i/ 2 = v j ■ = 0.001037 m 3 /kg 

> u 2 = u f = 384.36 kJ/kg 
j s 2 =s f = 1.2132 kJ/kg-K 

The boundary work during this process is 


P { = 75 kPa 
Sat. vapor 

P 2 = 75 kPa 
Sat. liquid 




w bm =p(v l -v 2 ) = (75 kPa)(2.2172- 0.001037) m 3 /kg 


IkJ 

IkPa • m 3 


= 166.2 kJ/kg 


The heat transfer is determined from the energy balance: 

q ou{ = ™b,\n - ( u 2 - u \) = 166.2 kJ/kg - (384.36 - 2496.1)kJ/kg = 2278 kJ/kg 


The exergy change between initial and final states is 

( p\ -^ 2 - u \ ~ u 2 + Po (^l “ ^ 2 ) ~ T 0 (s x - s 2 ) ~ q out 


f rji \ 

1-Ao 
v t r j 


= (2496.1 - 384.36)kJ/kg + (100 kPa)(2.2172 - 0.001037) m7kg 


IkJ 

1 kPa • m 


- (298 K)(7.4558 - 1 ,2132)kJ/kg • K - (2278 kJ/kg) 
= 384.9 kJ/kg 

The second law efficiency is then 
w b,i n 166.2 kJ/kg 


r 298 K 

v 3 10 K 


7 n = 


A</> 384.9 kJ/kg 


= 0.432 = 43 . 2 % 
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8-99 R-134a is vaporized in a closed system at a constant pressure from a saturated liquid to a saturated vapor by 
transferring heat from a reservoir at two pressures. The pressure that is more effective from a second-law point of view is to 
be determined. 


Assumptions 1 Kinetic and potential energy changes are negligible. 

Analysis We take the R-134a as the system. This is a closed system since no mass enters or leaves. The energy balance for 
this stationary closed system can be expressed as 


fin -^oirt system 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Qin -Wb'Out = A U = m(u 2 - Ui ) 

Qin = ^,out + 

Qin =AH = m(h 2 - V) 

At 100 kPa: 

From the R-134a tables (Table A- 12), 

u fg@ lookPa = 197.98 kJ/kg 
hf g @ ioo kPa = 217.16 kJ/kg 
5 ./g@iookPa = 9.87995 kJ/kg • K 

v jg@m^ =v g- v f ~ 0-19254-0.0007259 = 0.19181 m 3 /kg 




The boundary work during this process is 


w 


b , out =P(y 2 -v l ) = Pv Jjs = (100 kPa)(0. 19181) m 3 /kg 


IkJ 
lkPa-m 3 


A 


19.18 kJ/kg 


The useful work is determined from 


W u =w Mut -W surr =P(v 2 -Vi)-P 0 (v 2 -1/0 = 0 kJ/kg 
since P = P 0 = 100 kPa. The heat transfer from the energy balance is 
q m =h fg =217.16 kJ/kg 


The exergy change between initial and final states is 

01 -02 =«1 “«2 +-Po( v l — — 7 o(* s ’l ~ s 2) + q 


in 


{ <t> \ 

i-T 

v Trj 


f rp \ 

1-2“ 

v t rj 


= -Uf g -P 0 v fg + T 0 s fg +q in 
= -197.98 kJ/kg -(100 kPa)(0.19181 m J /kg) 

1 


IkJ 


lkPa-m 


+ (298 K)(0. 87995 kJ/kg K) 


+ (217. 16 kJ/kg) 
= 25.18 kJ/kg 


r 298 


273 K 


The second law efficiency is then 

; _w„ _ 0 kJ/kg 

7711 \<j> 25. 18 kJ/kg 
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At 200 kPa: 

U fg@ 200kPa = 186.21 kJ/kg 
hfg@ 200 kPa = 206.03 kJ/kg 


s fg@ 200 kPa -0.783 16 kJ/kg -K 


v f g @ 200 kPa ={/ g -Vf = 0.099867-0.0007533 = 0.099114m /kg 

/ lkJ A 


w^out = p ^2 -V\) = p Vfg = (200 kPa)(0.0991 14) m 3 /kg 

- ^surr = P(v 2 -V { )-P 0 (i / 2 - (/j ) 


IkPa-m 3 


= 19.82 kJ/kg 


= (P - P 0 )c/ /g = (200 - 1 00) kPa(0.099 1 14) m 3 /kg 
q ^ = hf g = 206.03 kJ/kg 


' ikj A 
IkPa-m 3 


= 9.9 11 kJ/kg 


<t>\ ~fa =«i -« 2 +/ o( v i - ^2)- 7 o(‘ s i -«2) + ? 


in 


i-3» 

v t r j 


U fg P^ fg + ^0 S fg +?in 


T 7 ^ 

i-3® 

V T R J 


= -186.21 kJ/kg - (100 kPa)(0.0991 14 m 3 /kg) 


lkJ 


lkPa -m 


+ (298 K)(0.783 16 kJ/kg K) 


+ (206.03 kJ/kg) 
= 18.39 kJ/kg 


r 298 K 
v 273 K 


/ 


w„ 9.911 kJ/kg 

r> „ = — = — = 0.539 

Atf> 18.39 kJ/kg 

The process at 200 kPa is more effective from a work production standpoint. 
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8-100 An electrical radiator is placed in a room and it is turned on for a period of time. The time period for which the heater 
was on, the exergy destruction, and the second-law efficiency are to be determined. 

Assumptions 1 Kinetic and potential energy changes are negligible. 2 Air is an ideal gas with constant specific heats. 3 The 
room is well-sealed. 4 Standard atmospheric pressure of 101.3 kPa is assumed. 

Properties The properties of air at room temperature are R = 0.287 kPa.m /kg.K, c p = 1.005 kJ/kg.K, c u = 0.718 kJ/kg.K 
(Table A-2). The properties of oil are given to be p = 950 kg/m 3 , c 0 n = 2.2 kJ/kg.K. 

Analysis (a) The masses of air and oil are 


m a = 


py 


(101.3 kPa)(75m 3 ) 


RT X (0.287 kPa • m 3 /kg • K )(6 + 273 K) 


= 94.88 kg 



m oil = Ponton = (950 kg/m 3 )(0.050m 3 )= 47.50 kg 

An energy balance on the system can be used to determine time period 
for which the heater was kept on 

(w in - Q 0 \a w = [/ nc v (T 2 - T x )] a + [mc(T 2 - T x )] oiI 
(2.4 - 0.75 kW)Ar = [(94.88 kg)(0.718 kJ/kg.°C)(20 - 6)°c]+ [(47.50 kg)(2.2 kJ/kg.°C)(60 - 6)°c] 
At = 3988 s = 66.6 min 
(b) The pressure of the air at the final state is 

p m a RT a2 (94.88 kg)(0.287 kPa • m 3 /kg ■ K)(20 + 273 K) m <| ^ 

° 2 V 75m 3 

The amount of heat transfer to the surroundings is 

Qoui = Gout Af = (°- 75 kJ/s)(3988 s) = 2999 kJ 

The entropy generation is the sum of the entropy changes of air, oil, and the surroundings 


AS a =m 


T, P, 
c n In — - R In — 


p 




= (94.88 kg) 


Pi 


(1.005 kJ/kg.K)ln < 20 + 273 ) K _ ( 0 .287 kJ/kg.K)ln 106 4kPa 

101.3 kPa 


(6 + 273) K 


= 3.335 kJ/K 


AS oiI = me In // = (47.50 kg)(2.2 kJ/kg.K)ln ( 6Q + 273 ) K = j 8 .49 kj/ K 


^surr _ 


T, 


(6 + 273) K 


Q 


out 


2999 kJ 


Tsmr (6 + 273) K 


= 10.75 kJ/K 


= AS„ + AS,,, + AS = 3.335 + 18.49 + 10.75 = 32.57 kJ/K 


gen a ' oil ' surr 


The exergy destruction is determined from 

X dest =T 0 S gQn = (6 + 273 K)(32.57 kJ/K) = 9088 kJ = 9.09 M J 

(c) The second-law efficiency may be defined in this case as the ratio of the exergy recovered to the exergy input. That is, 
^ fl ,2 =m[c v (T 2 -T x )\-T 0 AS a 

= (94.88 kg)[(0.718 kJ/kg.°C )(20 - 6)°c]- (6 + 273 K)(3.335 kJ/K) = 23.16 kJ 
X oixa =m[C(T 2 -T x )]-T 0 AS a 

= (47.50 kg)[( 2.2 kJ/kg.°C)(60 - 6)°c]- (6 + 273 K)( 18.49 kJ/K) = 484.5 kJ 
^recovered X a* + ^oil ,2 (23.16 + 484.5) kJ 


Vu = 




supplied 


W ln At 


(2.4 kJ/s)(3998s) 


= 0.0529 = 5.3% 
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8-101 Hot exhaust gases leaving an internal combustion engine is to be used to obtain saturated steam in an adiabatic heat 
exchanger. The rate at which the steam is obtained, the rate of exergy destruction, and the second-law efficiency are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air properties are 
used for exhaust gases. 4 Pressure drops in the heat exchanger are negligible. 

Properties The gas constant of air is R = 0.287 kJkg.K. The specific heat of air at the average temperature of exhaust gases 
(650 K) is = 1 .063 kJ/kg.K (Table A-2). 

Analysis (a) We denote the inlet and exit states of exhaust gases by (1) and (2) and that of the water by (3) and (4). The 
properties of water are (Table A-4) 


T 3 = 20°C 
x 3 = 0 
T 4 = 200°C 


x 4 =1 


h 3 = 83.91 kJ/kg 
s 3 = 0.29649 kJ/kg.K 

h 4 = 2792.0 kJ/kg 
s 4 = 6.4302 kJ/kg.K 


An energy balance on the heat exchanger gives 


Exh. gas 
400°C 


► 350°C 

150 kPa 

Heat 


Sat. vap. 

Exchanger 

Water 

200°C + 


20°C 


m a h l + mji 3 =m a h 2 +mji 4 
maC p (T l -T 2 ) = m w (h 4 -h i ) 

(0.8 kg/s)( 1 .063 kJ/kg°C)(400 - 350)°C = <(2792.0 -83.91)kJ/kg 

m w = 0.01570 kg/s 


( b ) The specific exergy changes of each stream as it flows in the heat exchanger is 

As a = c D In — = (0.8 kg/s)( 1 .063 kJ/kg.K)ln ( 35Q + 273 ) K = -0,08206 kJ/kg.K 
* P T X (400 + 273) K 

A Y a = C P ( T 2- T \)- T ^ s a 

= (1.063 kJ/kg. °C)(3 50 - 400)°C - (20 + 273 K)(-0.08206 kJ/kg.K) 

= -29. 106 kJ/kg 

Ay/ w = h 4 -h 3 -T Q {s 4 -s 3 ) 

= (2792.0 - 83.91)kJ/kg - (20 + 273 K)(6.4302 - 0.29649)kJ/kg.K 
= 910.913 kJ/kg 


The exergy destruction is determined from an exergy balance on the heat exchanger to be 

-A des t = m a Ay/ a + m w Ay/ w = (0.8 kg/s)(-29. 106 kJ/kg) + (0.0 1570 kg/s)(9 10. 9 13) kJ/kg = -8.98kW 
or 

+ est =8.98kW 


(c) The second-law efficiency for a heat exchanger may be defined as the exergy increase of the cold fluid divided by the 
exergy decrease of the hot fluid. That is, 


m w Ay/ w _ (0.01570 kg/s)(9 10.9 13 kJ/kg) Q 
- m a A Y a ~ (0.8 kg/s)(-29. 106 kJ/kg) 
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8-102 The inner and outer surfaces of a window glass are maintained at specified temperatures. The amount of heat loss and 
the amount of exergy destruction in 5 h are to be determined 

Assumptions Steady operating conditions exist since the surface temperatures of the glass remain constant at the specified 
values. 


Analysis We take the glass to be the system, which is a closed system. The amount of heat loss is determined from 


Q = QAt = (4.4 kJ/s)(5x3600 s) = 79,200 kj 

Under steady conditions, the rate form of the entropy balance for the glass 
simplifies to 



Rate of net entropy transfer Rate of entropy 
by heat and mass generation 


AS 


<?o 


system 


Rate of change 
of entropy 


= 0 




^b,in ^b,out 

4400 W 4400 W 
283 K 276 K 



gen, glass 




gen, wall 


= 0 

-0 -> S gen , glass - 0.3943 W/K 


10°C 



Then the amount of entropy generation over a period of 5 h becomes 

Sgen,glass = V.glass^ = (0.3943 W/K)(5x3600 s) = 7098 J/K 

The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition ^destroyed — ^O^gen ’ 

^destroyed = ^gen = (278 K)(7.098 kJ/K) = 1973 kj 

Discussion The total entropy generated during this process can be determined by applying the entropy balance on an 
extended system that includes the glass and its immediate surroundings on both sides so that the boundary temperature of 
the extended system is the room temperature on one side and the environment temperature on the other side at all times. 
Using this value of entropy generation will give the total exergy destroyed during the process, including the temperature 
gradient zones on both sides of the window. 
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8-103 Heat is transferred steadily to boiling water in the pan through its bottom. The inner and outer surface temperatures 
of the bottom of the pan are given. The rate of exergy destruction within the bottom plate is to be determined. 

Assumptions Steady operating conditions exist since the surface temperatures of the pan remain constant at the specified 
values. 


Analysis We take the bottom of the pan to be the system, which is a closed system. Under steady conditions, the rate form 
of the entropy balance for this system can be expressed as 


v _ c 

° in ° out 

V 

Rate of net entropy transfer 
by heat and mass 


+ 



Rate of entropy 
generation 


AS 


<Po 


system 


Rate of change 
of entropy 


= 0 




^b,in ^b,out 

1100 W 1100 w 

378 K 377 K 


+ S 


gen, system 


+ S 


gen, system 


0 

0 


gen, system = 0.007719 W/K 



The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition 2f destroyed — ^0 ^ gen ’ 


^destroyed = ^gen = (298 K)(0.007719 W/K) = 2.30 W 


8-104 Elevation, base area, and the depth of a crater lake are given. The maximum amount of electricity that can be 
generated by a hydroelectric power plant is to be determined. 

Assumptions The evaporation of water from the lake is negligible. 


Analysis The exergy or work potential of the water is the potential energy it possesses relative to the ground level, 


Exergy = PE = mgh 
Therefore, 

Exergy = PE = j* dPE = j* gzdm = j* gz(pAdz) 

= Mgj 2 zdz = P A g( z I - z \ ) / ■ 2 
= 0.5(1000 kg/m 3 )(2 x 10 4 m 2 )(9.81 m/s 2 ) 
x ((152 m) 2 - (140 m 2 )f — — 


f lh 1 

( 1 kJ/kg ") 

\3600sJ 

U000m 2 /s 2 J 


= 9.55 x 10 4 kWh 
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8-105 An electric resistance heater is immersed in water. The time it will take for the electric heater to raise the water 
temperature to a specified temperature, the minimum work input, and the exergy destroyed during this process are to be 
determined. 

Assumptions 1 Water is an incompressible substance with constant specific heats. 2 The energy stored in the container 
itself and the heater is negligible. 3 Heat loss from the container is negligible. 4 The environment temperature is given to 
be T 0 = 20°C. 

Properties The specific heat of water at room temperature is c = 4. 18 kJ/kg-°C (Table A-3). 

Analysis Taking the water in the container as the system, which is a closed system, the energy balance can be expressed as 

fin ~ ^out — system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Km = (A^) wate r 

WeM At = mc{T 2 -T x ) water 

Substituting, 

(800 J/s)At = (40 kg)(4180 J/kg-°C)(80 - 20)°C 
Solving for At gives 

At = 12,540 s = 209 min = 3.48 h 

Again we take the water in the tank to be the system. Noting that no heat or mass crosses the boundaries of this system and 
the energy and entropy contents of the heater are negligible, the entropy balance for it can be expressed as 

c _ c i c — an 

°in °out ' °gen system 

Net entropy transfer Entropy Change 
by heat and mass generation in entropy 

0 + S g en — AS water 

Therefore, the entropy generated during this process is 

T 353 K 

V =AS water =mcln-f = (40kgX4.18kJ/kg-K)ln— — = 31.15 kJ/K 

1 1 Imjj IA 

The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition X destroyed — ^ofien > 

^destroyed “ ^ofien “ (293 K)(3 1.15 kJ/K) = 9127 kj 
The actual work input for this process is 

^act,m = ^act,in A* = (0.8 kJ/s)(12,540 s) = 10,032 kJ 
Then the reversible (or minimum required )work input becomes 
^rev,in = KctM - ^destroyed = 10,032-9127 = 906 kj 
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8-106 A hot water pipe at a specified temperature is losing heat to the surrounding air at a specified rate. The rate at which 
the work potential is wasted during this process is to be determined. 

Assumptions Steady operating conditions exist. 

Analysis We take the air in the vicinity of the pipe (excluding the pipe) as our system, which is a closed system.. The 
system extends from the outer surface of the pipe to a distance at which the temperature drops to the surroundings 
temperature. In steady operation, the rate form of the entropy balance for this system can be expressed as 


^in ^out 


+ 


5 


gen 


= AS 


<Po 


system 


= 0 


Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 


Qi n Q 


out 


^b,in 


Tu 


b,out 

1175 W_ 1175 W 
353 K 278 K 


+ c - 0 

^ gen, system w 


i c — n 

' u gen, system 



-> v, system = 0.8980 W/K 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition X destroyed — ^o^gen > 

^destroyed = ^gen = (278 K)(0.8980 W/K) = 250 W 
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8-107 Air expands in an adiabatic turbine from a specified state to another specified state. The second-law efficiency is to 
be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The device is adiabatic and thus heat 
transfer is negligible. 3 Air is an ideal gas with constant specific heats. 4 Kinetic and potential energy changes are 
negligible. 

Properties At the average temperature of (425 + 325)/2 = 375 K, the constant pressure specific heat of air is c p = 1.01 1 
kJ/kg.K (Table A-2b). The gas constant of air is R = 0.287 kJ/kg.K (Table A-l). 

Analysis There is only one inlet and one exit, and thus m x = m 2 = m . We take the turbine as the system, which is a control 

volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


^in ^out 

V 

Rate of net energy transfer 
by heat, work, and mass 


A 6 71 0 (steady) 

system 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 




mh x = W oul +mh 2 

Kut = ™( h \ - h 2 ) 
w out =c p (T l -T 2 ) 


Substituting, 


Wont =C P (T 1 -T 2 ) = ( 1.011 kJ/kg • K)(425 - 325)K = 1 0 1 . 1 kJ/kg 


550 kPa 
425 K 



The entropy change of air is 


s 2 s j 


c In — 
p T { 


R\n Pl 


R 


= (1.011 kJ/kg -K) In 
= 0.1907 kJ/kg -K 


325 K 
425 K 


(0.287 kJ/kg -K) In 


llOkPa 
550 kPa 


The maximum (reversible) work is the exergy difference between the inlet and exit states 
rev, out =C p (T l ~T 2 )-T 0 ( Sl -S 2 ) 

= W out ~ T o( S \ ~ S l) 

= 101.1 kJ/kg - (298 K)(-0.1907 kJ/kg • K) 

= 157.9 kJ/kg 

The second law efficiency is then 

w out = 101,1 kJ/kg =0640 

Wrev.out 157.9 kJ/kg 
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8-108 Steam is accelerated in a nozzle. The actual and maximum outlet velocities are to be determined. 
Assumptions 1 The nozzle operates steadily. 2 The changes in potential energies are negligible. 
Properties The properties of steam at the inlet and the exit of the nozzle are (Tables A-4 through A-6) 


8-98 


P x = 300 kPa 
T x = 150°C 


P , =150 kPa 


h x =2761.2 kJ/kg 
s x = 7.0792 kJ/kg -K 


x 2 =1 (sat. vapor) 


h 2 =2693.1 kJ/kg 
s 2 =7.2231 kJ/kg -K 


Analysis We take the nozzle to be the system, which is a control volume. The energy balance for this steady-flow system 
can be expressed in the rate form as 


^in ^out 


= A E 


<p0 (steady) 


system 


= 0 


Rate of net energy transfer Rate G f change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in — ^out 

m(h x + V x / 2) = rh(h 2 +V 2 2 /2) 

= h x -h 2 = Ake actual 


v 2 2 -v x 2 


2 

Substituting, 

Ake actual =h x -h 2 = 2761.2 - 2693.1 = 68.1 kJ/kg 
The actual velocity at the exit is then 



V 2 2 -V x 2 


2 


= Ake 


actual 


F, =Vk, 2 +2 Ake.,,.., = 


1 


(45 m/s) 2 +2(68.1 kJ/kg) 


^1000 m 2 /s 2 ^ 
1 kJ/kg 


= 371 .8 m/s 


The maximum kinetic energy change is determined from 

Ake max = h x -h 2 -T 0 (s x - s 2 ) = 68.1 - (298)(7.0792 - 7.2231) = 1 1 1.0 kJ/kg 

The maximum velocity at the exit is then 

V , 2 - V? 

2, max 1 . , 

= Ake max 


F 2 , max = + 2 Ake 

= 473.3 m/s 


max 


\ 


(45 m/s) 2 +2(1 11.0 kJ/kg) 


^1000 m 2 /s 2 ^ 
1 kJ/kg 
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8-109E Steam is expanded in a two-stage turbine. Six percent of the inlet steam is bled for feedwater heating. The 
isentropic efficiencies for the two stages of the turbine are given. The second-law efficiency of the turbine is to be 
determined. 


8-99 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 The turbine is well-insulated, and there is 
no heat transfer from the turbine. 

Analysis There is one inlet and two exits. We take the turbine as the system, which is a control volume since mass crosses 
the boundary. The energy balance for this steady-flow system can be expressed in the rate form as 


^in ^out 


a 77 710 (steady) 

system 


= 0 


Rate of net energy transfer Rate 0 f change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

-^in “ -^out 


500 psia 


m x h x = rh 2 h 2 + m 3 h 3 +W ( 


out 


Kut =m\ h \ -m 2 h 2 ~m 3 h 3 


= /?, - 0.06/?, -0.94/? 



w 


out 


M ’out = 0h -h 2 ) + 0.94(h 2 -h 3 ) 

The isentropic and actual enthalpies at three states are 
determined using steam tables as follows: 


h x = 1298.6 Btu/lbm 
s x = 1.5590 Btu/lbm- R 


P x =500 psia 
T x = 600°F 

P 2 =100 psia 

s 2s = s x = 1.5590 Btu/lbm -R 


x 2s = 0.9609 

h 2s =1152.7 Btu/lbm 



1t,\ ~ 


h\ -h 2 


J h -hs 

P 2 = 100 psia 
h 2 =1157.1 Btu/lbm 


>h 2 =h x - r/ T X (h x - h 2s ) = 1298.6 - (0.97)(1298.6 - 1 152.7) = 1 157. 1 kJ/kg 
x 2 = 0.9658 


s 2 = 1.5646 Btu/lbm- R 


P 3 =5 psia 

s 3 =s 2 =1.5646 kJ/kg -K 


x 3s = 0.8265 

h 3s = 957.09 Btu/lbm 


It , 2 ~ 


h 2 -h 3 


h 2 ~K 

P 3 =5 psia 


>h 3 =h 2 - ?j T 2 (h 2 - h 3s ) = 1 1 57. 1 - (0.95)(1 1 57. 1 - 957.09) = 967.09 kJ/kg 
x 3 = 0.8364 


h 3 = 967.09 Btu/lbm 


s 3 = 1.5807 Btu/lbm- R 


Substituting into the energy balance per unit mass flow at the inlet of the turbine, we obtain 

w out = Oh -h 2 ) + 0.94(/? 2 - h 3 ) 

= (1298.6 -1 157.1) + 0.94(1 157.1 - 967.09) = 320.1 Btu/lbm 

The reversible work output per unit mass flow at the turbine inlet is 

M; rev = h x - h 2 - T 0 (s 1 - 5 2 ) + 0.94[/? 2 - h 3 - T 0 (s 2 - S 3 )] 

= 1298.6-1157. 1- (537X1.5590-1.5646) + 0.94[(1 157. 1-967.09 -(537)(1.5646 -1.5807)] 
= 331.2 Btu/lbm 

The second law efficiency is then 

7 h\ =- H -^-= 320,1 Btu/Ibm - Q.966 
w rev 33 1.2 Btu/lbm 
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8-110 A throttle valve is placed in the steam line supplying the turbine inlet in order to control an isentropic steam turbine. 
The second-law efficiency of this system when the valve is partially open to when it is fully open is to be compared. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The turbine is well-insulated, and there is 
no heat transfer from the turbine. 


Analysis 

Valve is fully open: 

The properties of steam at various states are 


P 0 =100 kPa 
T x = 25°C 

P X =P 2 =6 MPa 
T X =T 2 = 700°C 


K — hf@ 25 °c -104.8kJ/kg 


Sn =S 


f@ 25 


o C = 0.3672 kJ/kg-K 


h x =h 2 = 3894.3 kJ/kg 
s x = s 2 =7.4247 kJ/kg-K 


P 3 = 70 kPa 


= s 


x 3 =0.9914 
h 3 =2639.7 kJ/kg 



The stream exergy at the turbine inlet is 

y/ x =h x -h 0 -T 0 (s x -s 0 ) =3894.3- 104.8 -(298)(7.4247- 0.3672) =1686 kJ/kg 


The second law efficiency of the entire system is then 

n n =^L = hzh =hzlL 1 = 1.0 

w rev h l -h~ T Q ( < S l- S i) h l~ h 3 

since Si = for this system. 

Valve is partly open: 


P 2 = 3 MPa 

h 2 =/?, =3894.3 kJ/kg 


s 2 = 7.7405 kJ/kg-K 


(from EES) 


P 3 = 70 kPa 

s 3 = s 2 


h 2 = 2760.8 kJ/kg (from EES) 


y / 2 =h 2 -h o -T 0 (s 2 -s 0 ) = 3894.3 - 104.8 -(298)(7. 7405 -0.3672) = 1592 kJ/kg 

w t h 2 -h 3 3894.3-2760.8 

n, T = — ^ — = 4 = = 1 .( 

w rev h 2 -h 3 -T 0 (s 2 -s 3 ) 3894.3 -2760.8 -(298)(7.7405-7.7405) 
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8-111 Two rigid tanks that contain water at different states are connected by a valve. The valve is opened and steam flows 
from tank A to tank B until the pressure in tank A drops to a specified value. Tank B loses heat to the surroundings. The 
final temperature in each tank and the work potential wasted during this process are to be determined. 

Assumptions 1 Tank A is insulated and thus heat transfer is negligible. 2 The water that remains in tank A undergoes a 
reversible adiabatic process. 3 The thermal energy stored in the tanks themselves is negligible. 4 The system is stationary 
and thus kinetic and potential energy changes are negligible. 5 There are no work interactions. 


Analysis (a) The steam in tank A undergoes a reversible, adiabatic process, and thus S 2 = S\. From the steam tables (Tables 
A-4 through A-6), 


Tank A : 


P x = 400 kPa 
x x = 0.8 


v lA =(/ f +x 1 </ fg = 0.001084 + (0.8)(0. 46242-0. 001084)= 0.37015 m 3 /kg 
\u hA =u f +x 1 u fg = 604.22 + (0.8Xl 948. 9)= 2163.3 kJ/kg 
s hA = s f +x l s fg = 1. 7765 + (0.8X5. 119l)= 5.8717 kJ/kg-K 


L ,A -T sa t@300kPa -133.52°C 


P 2 = 300 kPa 
s 2 =s 1 

(sat. mixture) J 


TankB : 


P x = 200 kPa 
T x = 250°C 


X 2,A = 


s 2,a ~ s f 5.8717-1.6717 


fg 


5.3200 


= 0.7895 


v 2 A = v f +x 2 ' A Vjg = 0.001073 + (0.7895X0.60582- 0.001073) = 0.47850 m 3 /kg 
u 2 A =u f +x 2 ' A u fg =561.11 + (0.7895Xl982.1 kJ/kg)= 2125.9 kJ/kg 


v UB = 1.1989 m 3 /kg 
u hB =2731.4 kJ/kg 


s lB = 7.7100 kJ/kg-K 
The initial and the final masses in tank A are 


1 / 


m l,A = 


A 


0.2 m 


and 


"UA 0.37015 m 3 /kg 


- 0.5403 kg 


t/ 


m 2,A = 


A 


0.2m 


U 2 ,A 0.479m 3 /kg 


= 0.4180 kg 


900 kJ 


A 


/ 

B 

(/= 0.2 m 3 

a 

m = 3 kg 

steam 


steam 

P = 400 kPa 


T=250°C 

x = 0.8 


P = 200 kPa 


Thus, 0.540 - 0.418 = 0.122 kg of mass flows into tank B. Then, 
m 2 b ~ m \ b ~ 0-122 = 3 + 0.122 = 3.122 kg 


m 3 /kg 

a closed system. The energy balance for this stationary 

closed system can be expressed as 

-^in — ^out — system 

V v ' v V / 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

-Qout =AU = (AU) a +(A U) b (since 1F = KE = PE = 0) 

- Qcut = ( m 2 u 2 - m \ u \ ) A + ( m 2 u 2 - m l u \ ) B 

Substituting, 

- 900 = ((0.418X2125.9)- (0.5403X2163.3)}+ {(3.122)< 2B -(3)(2731.4)} 

u 2B = 2425.9 kJ/kg 


The final specific volume of steam in tank B is determined from 
Vb (" ; |V|) fl (3kg)(l.l989 m 3 /kg) , 

v 2 B ~ — — + — 1.1 JZ 

m 2,B m 2,s 3.122 m 

We take the entire contents of both tanks as the system, which is 
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Thus, 


i t 2 ,B =1-152 m 3 /kg 
11 2 , b = 2425.9 kJ/kg 


T 2 ,b = 110.1 °C 

s 2 B =6.9772 kJ/kg -K 


( b ) The total entropy generation during this process is determined by applying the entropy balance on an extended system 
that includes both tanks and their immediate surroundings so that the boundary temperature of the extended system is the 
temperature of the surroundings at all times. It gives 

5* in —5* put $ g en — system 

Net entropy transfer Entropy Change 
by heat and mass generation in entropy 


Q 


out 


ji gen 

1 b,surr 


b S nem — AS a + AS 


B 


Rearranging and substituting, the total entropy generated during this process is determined to be 


■Sgen = a S A +A S B +T^=(ot 2 ^ 2 -m l s l ) A +{m 2 s 2 -m x s x ) B +ThhL 

1 k 1 k 


b,surr 


b,sun - 


= {(0.418X5.8717)-(0.5403X5.8717)} + {(3.122)(6.9772)-(3X7.7100)} 


900 kJ 
273 K 


-1.234 kJ/K 


The work potential wasted is equivalent to the exergy destroyed during a process, which can be determined from an exergy 
balance or directly from its definition X destroyed = T 0 ^gen > 


^destroyed = T 0 S gea = (273 K)(l .234 kJ/K) = 337 kJ 
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8-1 12E A cylinder initially filled with helium gas at a specified state is compressed polytropically to a specified 
temperature and pressure. The actual work consumed and the minimum useful work input needed are to be determined. 

Assumptions 1 Helium is an ideal gas with constant specific heats. 2 The cylinder is stationary and thus the kinetic and 
potential energy changes are negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The compression 
or expansion process is quasi-equilibrium. 5 The environment temperature is 70°F. 

Properties The gas constant of helium is R = 2.6805 psia.ftVlbm.R = 0.4961 Btu/lbm.R (Table A- IE). The specific heats of 
helium are c v = 0.753 and c p = 1.25 Btu/lbm.R (Table A-2E). 

Analysis (a) Helium at specified conditions can be treated as an ideal gas. The mass of helium is 


m = 


P x i/ x (40 psia)(8 ft 3 ) 

RT X (2.6805 psia • ft 3 /lbm • R)(530 R) 


= 0.2252 lbm 


The exponent n and the boundary work for this polytropic process are 
determined to be 


m p 2 v 2 


T\ T 2 


p 2 W =py“ 


4 1/, = (780 R)(4Q psia) (8ft 3 ) = 3364ft 3 


" T x P 2 1 


(530 R)(140 psia) 


■» 


( p) 
r 2 


r } 

n 

\ 

f 140 1 


f 8 ^ 

UJ 


P2) 

r 

1.40 J 


^3.364 J 


-> n = 1.446 


Then the boundary work for this polytropic process can be determined from 

-m 


2 // (A -PM mR(T 2 -T x ) 


W^=-[PdV = 

Ji 1 - n 1 — n 

(0.2252 lbmX0.4961 Btu/lbm • R)(780 - 530)R _ 

1-1.446 


= 62.62 Btu 


HELIUM 
8 ft 3 * 
Pi/ 11 = const 


Q 


Also, 


Thus, 


^sunyn =■ (V 2 - i/ x ) = -(14.7 psia)(3.364 - 8)ft 


K,n = ^b,m - ^surr,m = 62.62 - 12.6 1 = 50.0 BtU 


1 Btu 

5.4039 psia - ft 


= 12.61 Btu 


(b) We take the helium in the cylinder as the system, which is a closed system. Taking the direction of heat transfer to be 
from the cylinder, the energy balance for this stationary closed system can be expressed as 

^in — ^out — system 

' V ' V V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

-£?out + ^b,in = At/ = m(u 2 -u x ) 

-Cout =m(u 2 -u x )-W hM 
Qout =^b,in - mc v (T 2 -T x ) 

Substituting, 

Q out = 62.62 Btu - (0.2252 lbm)(0.753 Btu/lbm • R)(780 - 530)R = 20.69 Btu 


The total entropy generation during this process is determined by applying the entropy balance on an extended system that 
includes the cylinder and its immediate surroundings so that the boundary temperature of the extended system is the 
temperature of the surroundings at all times. It gives 


_L e 

u in o U t | g en system 

Net entropy transfer Entropy Change 
by heat and mass generation in entropy 


Qout 


T 

b,sun - 
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where the entropy change of helium is 


M sys = A .S' 


helium 


= m 


r j p \ 

c n . iva In — -i?ln — 

/M v g T r> 

V M M J 


= (0.2252 lbm) 

= -0.03201 Btu/R 


(1.25 Btu/lbm • R)ln^-^ - (0.4961 Btu/lbm • R)ln 140 pS1& 


530 R 


40 psia 


Rearranging and substituting, the total entropy generated during this process is determined to be 
Sgen = ^heHum + %^ = (-0.03201 Btu/R) + 2 °'^ f " = 0.007022 Btu/R 

1 q ^ -3U Iv 

The work potential wasted is equivalent to the exergy destroyed during a process, which can be determined from an exergy 
balance or directly from its definition X dest d = T 0 S gen , 


^destroyed = ^gen = (530 R)(0.007022 Btu/R) =3.722 Btu 

The minimum work with which this process could be accomplished is the reversible work input, JF rev , m which can be 
determined directly from 

^rcv.in = - ^destroyed = 50 -° “ 3 - 722 = 463 Btu 

Discussion The reversible work input, which represents the minimum work input W rey ^ n in this case can be determined from 
the exergy balance by setting the exergy destruction term equal to zero, 

y _ y — Y ^ (reversibfe) _ * y . r xr — Y — Y 

^in ^out ^destroyed system ^ 'Gevjn ^2 A 1 

v v J V J \ J 

N et exergy traisfer Exergy Change 

by heat, work, and mass destruction in exergy 


Substituting the closed system exergy relation, the reversible work input during this process is determined to be 

Kcv = (U 2 - u x ) - T 0 (S 2 - S] ) + P 0 (V 2 - </, ) 

= (0.2252 lbm)(0.753 Btu/lbm • R)(320 - 70)°F - (530 R)(-0.03201 Btu/R) 

+ (14.7 psia)(3.364 - 8)fl 3 [Btu/5.4039 psia • ft 3 ] 

= 46.7 Btu 

The slight difference is due to round-off error. 
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8-113 Steam expands in a two-stage adiabatic turbine from a specified state to specified pressure. Some steam is extracted 
at the end of the first stage. The wasted power potential is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The turbine is adiabatic and thus heat transfer is negligible. 4 The environment temperature is given to be T 0 = 
25°C. 

Analysis The wasted power potential is equivalent to the rate of exergy destruction during a process, which can be 
determined from an exergy balance or directly from its definition X destroyed = T 0 S gen • 


The total rate of entropy generation during this process is determined by taking the entire turbine, which is a 
control volume, as the system and applying the entropy balance. Noting that this is a steady-flow process and there is no 
heat transfer, 


‘'bn ^out 


+ s 


gen 


= AS 




system 


-0 


Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 


"V 1 -"* 2 S 2 +Sgen =0 

m x s x - 0. 1 m x s 2 ~ 0.9m x s 3 + S gen = 0 -» 5 gen = m x [0.9^3 + 0. \s 2 - s x ] 

an d ^destroyed = T 0 S S <m = T Q m x \0.9s 3 + ^2 “ ^1 1 

From the steam tables (Tables A-4 through 6) 


9 MPa 
500°C 


P x = 9 MPa 
T x = 500°C 


h x = 3387.4 kJ/ kg 
s x =6.6603 kJ/kg-K 


P 2 =1.4 MPa 

^2.9 = ^1 


h 2s = 2882.4 kJ/ kg 


and. 


jIt = 


h\ ~ hi 

h \ ~ h 2 , 


P 2 =1.4 MPa 
h 2 = 2943.0 kJ/kg 


P 2 = 50 kPa 


=Si 


x 3 5 = 


*h 2 =h x - rii (h\ -h 2s ) 

= 3387.4 - 0.88(3387.4 - 2882.4) 
= 2943.0 kJ/kg 

•s 2 =6.7776 kJ/kg-K 

s 3s~ s f 6.6603-1.0912 



fg 


6.5019 


= 0.8565 


h 3s = h f + x is h fg = 340.54 + 0.8565 x 2304.7 = 2314.6 kJ/kg 


and 


TJt = 


h x - h 2 

h \ - K 


*h 3 =h x - Tj T (h\ -h 3s ) 

= 3387.4 - 0.88(3387.4 - 2314.6) 
= 2443.3 kJ/kg 


P 3 = 50 kPa 
h 3 =2443.3 kJ/kg 


x 3 = 


h 3 -h f 2443.3-340.54 


h 


fg 


2304.7 


= 0.9124 


s 3 =s f + x 3 s fg =1.0912 + 0.9124 x 6.5019 = 7.0235 kJ/kg • K 
Substituting, the wasted work potential is determined to be 

X destroyed = ^ g en = (298 K)( 1 5 kg/s)(0.9 x 7.0235 + 0. 1 x 6.7776 - 6.6603)kJ/kg = 1514 kW 
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8-114 Steam expands in a two-stage adiabatic turbine from a specified state to another specified state. Steam is reheated 
between the stages. For a given power output, the reversible power output and the rate of exergy destruction are to be 
determined. 

Assumptions 1 This is a steady-flow process since there is no change 
with time. 2 Kinetic and potential energy changes are negligible. 3 The 
turbine is adiabatic and thus heat transfer is negligible. 4 The 
environment temperature is given to be Jo = 25 °C. 


Heat 


i 


Properties From the steam tables (Tables A-4 through 6) 


2 MPa 
350°C 


L 


P x = 8 MPa 
T x = 500°C 


P 2 = 2 MPa 
T 2 = 350°C 


P 3 = 2 MPa 
J 3 = 500°C 


P 4 = 30kPa 
x A =0.97 


h x = 3399.5 kJ/ kg 
s x =6.7266 kJ / kg- K 

h 2 =3137.7 kJ/kg 
s 2 = 6.9583 kJ /kg -K 

h 3 =3468.3 kJ/kg 
' s 3 =7.4337 kJ/kg -K 


li 


Stage I 



8 MPa 
500°C 


h 4 =h f + x 4 h fg =289.27 + 0.97x2335.3 = 2554.5 kJ/kg 
s 4 =s f + x 4 s fg = 0.9441 + 0.97 x 6.8234 = 7.5628 kJ/kg • K 


2 MPa 
500°C 


Stage II 



30 kPa 
x = 97% 


2 5 MW 


Analysis We take the entire turbine, excluding the reheat section, as the system, which is a control volume. The energy 
balance for this steady-flow system can be expressed in the rate form as 


^in ^out 

V 

Rate of net energy transfer 
by heat, work, and mass 


7,0 (steady) 

L * £j system 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 


E m - E 


out 


mh x + mh 3 = mh 2 + mh 4 + W out 

W ouX =m[(hx-h 2 ) + (h,-h 4 )\ 


Substituting, the mass flow rate of the steam is determined from the steady- flow energy equation applied to the actual 
process, 


m = 



h x h 2 + h 3 h 4 


5000 kJ/s 

(3399.5 - 3 137.7 + 3468.3 - 2554.5)kJ/kg 


4.253 kg/s 


The reversible (or maximum) power output is determined from the rate form of the exergy balance applied on the turbine 
and setting the exergy destruction term equal to zero, 


2^in 2f ou t 

V 

Rate of net exergy traisfer 
by heat, work, and mass 


-X. 


710 (reversibb) 


destroyed 


Rate of exergy 
destruction 


A y *0 (steady) _ n 
system — u 

V 

Rate of change 
of exergy 


2^in — 2f out 

m\f/ x +my / 3 = til y / 2 + th y / 4 + ff^- e v,out 

^•ev,out = -¥ 2 ) + ™(¥i - ¥ 4 ) 

= m[(h x - h 2 ) + T 0 (s 2 - s x ) - Ake 710 - Ape 710 ] 
+ m[(h 3 - h 4 ) + T 0 (s 4 ~s 3 )~ Ake 710 - Ape 710 ] 


Then the reversible power becomes 

+ev,out ="+1 ~ h 2 + h 3 ~ h 4 + T 0 ( S 2 ~ s l +‘ S 4 “^ 3 )] 

= (4.253 kg/s)[(3399.5- 3137.7 + 3468.3 - 2554.5)kJ/kg 
+(298 K)(6.9583 - 6.7266 + 7.5628 - 7.4337)kJ/kg • K] 

= 5457 kW 


Then the rate of exergy destruction is determined from its definition, 
^destroyed = +ev,out “ +ut = 5457 - 5000 = 457 kW 
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8-115 An insulated cylinder is divided into two parts. One side of the cylinder contains N 2 gas and the other side contains 
He gas at different states. The final equilibrium temperature in the cylinder and the wasted work potential are to be 
determined for the cases of piston being fixed and moving freely. 


Assumptions 1 Both N 2 and He are ideal gases with constant specific heats. 2 The energy stored in the container itself is 
negligible. 3 The cylinder is well-insulated and thus heat transfer is negligible. 


Properties The gas constants and the specific heats are R = 0.2968 kPa.mVkg.K, c p = 1.039 kJ/kg-°C, and c v = 0.743 
kJ/kg- °C for N 2 , and R = 2.0769 kPa.mVkg.K, c p = 5.1926 kJ/kg- °C, and c„ = 3.1 156 kJ/kg-°C for He (Tables A-l and A- 
2 )- 


Analysis 


The mass of each gas in the cylinder is 





(500 kPa)(lm 3 

/ ' ^ 

) 

m N 2 ~ 


N 2 

(0.2968 kPa -m 3 /kg-K 

)(353 K) 




(500 kPa)(l m 3 ) 


m He “ 

v^l J 

He 

(2.0769 kPa-m 3 /kg-K) 

(298 K) 


= 4.772 kg 
= 0.8079 kg 


n 2 


He 

1 m 3 


1 m 3 

500 kPa 


500 kPa 

80°C 


25°C 


Taking the entire contents of the cylinder as our system, the 1st law relation can be written as 

fin ~ ^out — system 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

0 = AU = (A£/) N2 + (A t/) He 
0 = [mc v (T 2 -T^n, +[mc v (T 2 -r^He 


Substituting, 

(4.772 kg (o.743 kJ/kg -° c\r f -8o)°C + (0.8079 kg)(3.1156 kJ/kg-° c\r f - 25)° C = 0 


It gives 


T f = 57.2°C 

where 7} is the final equilibrium temperature in the cylinder. 

The answer would be the same if the piston were not free to move since it would effect only pressure, and not the 
specific heats. 

(b) We take the entire cylinder as our system, which is a closed system. Noting that the cylinder is well-insulated and thus 
there is no heat transfer, the entropy balance for this closed system can be expressed as 

v _ v i c - AS* 
in out^ ^gen system 

Net entropy transfer Entropy Change 
by heat and mass generation in entropy 

0 + ^gen = ^N 2 + A^He 


But first we determine the final pressure in the cylinder: 

4.772 kg 0.8079 kg 


1 — Am + iVu. — 


' m ' 


M 


f m A 


+ 


M 


K 1V± J 


?2 = 


He 28 kg/kmol 4 kg/kmol 
_ A^totai RJ _ (0.3724 kmol)(8.3 14 kPa-m 3 /kmol-K)(330.2 K)_ 5ii ^ 


= 0.3724 kmol 


kPa 


V, 


total 


2 m 


Then, 


A^n - 


m 


r r, 

c n In 7?ln — 

v " P x , N . 


= (4.772 kg{(l .039 kJ/kg • K) In - (0.2968 kJ/kg • K) In 5 1 1 ' 1 kPa 


353 K 


500 kPa 


= -0.3628 kJ/K 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 




8-108 


AS He = m 


r T 7 P C 

c „ In — - R In — 
v ' T, P, , He 


= (0.8079 kgl (5.1926 kJ/kg • k) I n 33 °' 2 K - (2.0769 kJ/kg-K)ln 51 U kPa 
1 ’ 298 K ’ 500 kPa 

S gen =A5 Ni +AA He =-0.3628 + 0.3931 = 0.0303 kJ/K 


= 0.3931 kJ/K 


The wasted work potential is equivalent to the exergy destroyed during a process, and it can be determined from an exergy 
balance or directly from its definition destroyed = S gen , 

^destroyed = T 0 S gen = (298 K)(0.0303 kJ/K) = 9.03 kj 

If the piston were not free to move, we would still have T 2 = 330.2 K but the volume of each gas would remain constant in 
this case: 


AS N - m 


A^He =rn 


r. In — -R\n^ 2 


<?0 






N- 




<P0 


T, 




330 2 K 

= (4.772 kgX0.743 kJ/kg • K)ln — = -0.2371 kJ/K 

353 K 


330 2 K 

= (0.8079 kg X3. 1156 kJ/kg K)ln- — : = 0.258 kJ/K 


He 


298 K 


S gea =AS n ^ + AS He = -0.2371 + 0.258 = 0.02089 kJ/K 


and 


^destroyed = ^gen = (298 K)(0.02089 kJ/K) = 6.23 kj 
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8-116 An insulated cylinder is divided into two parts. One side of the cylinder contains N 2 gas and the other side contains 
He gas at different states. The final equilibrium temperature in the cylinder and the wasted work potential are to be 
determined for the cases of piston being fixed and moving freely. V 


Assumptions 1 Both N 2 and He are ideal gases with constant specific heats. 2 The energy stored in the container itself, 
except the piston, is negligible. 3 The cylinder is well-insulated and thus heat transfer is negligible. 4 Initially, the piston 
is at the average temperature of the two gases. 


Properties The gas constants and the specific heats are R = 0.2968 kPa.m 3 /kg.K, c p = 1.039 kJ/kg-°C, and c v = 0.743 
kJ/kg-°C for N 2 , and 7? = 2.0769 kPa.m 3 /kg.K, c p = 5.1926 kJ/kg-°C, and c v = 3.1156 kJ/kg-°C for He (Tables A-l and A- 
2). The specific heat of copper piston is c = 0.386 kJ/kg-°C (Table A-3). 


Analysis The mass of each gas in the cylinder is 

(500 kPa)(l m , , w , 

I A i 7 = 4.772 kg 

(0.2968 kPa • m 3 /kg • Kj(353 K) 

(500 kPa)(lm 3 


"'n, = 


RT , 


"'He = 


m 


1 7 n * 

\ 


= 0.8079 kg 


n 2 


He 

1 m 3 


1 m 3 

500 kPa 


500 kPa 

80°C 


25 °C 


RT X J He (2.0769 kPa-m 3 /kg-Kj(353 K) 

Taking the entire contents of the cylinder as our system, the 1st law relation can be written as 


Copper 


^"in ^out 


A E 


system 


Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

0 = AC/ = (AC/) N2+ (AC/) He+ (AC/) Cu 
0 = [mc v (T 2 -7^ )] N , +[mc v (T 2 )] He +[mc(T 2 -7j)] Cu 


where 


^ 1,01 = (80 + 25)/ 2 = 52.5°C 
Substituting, 

(4.772 kg)(o.743 kJ/kg-° c\r f -8o)°C + (0.8079 kg)(3.1156 kJ/kg-° c\r f -25)° C 

+ (5.0 kg)(o.386 kJ/kg-° cfr f -52.5)°C = 0 


It gives 


T f = 56.0°C 

where 7} is the final equilibrium temperature in the cylinder. 

The answer would be the same if the piston were not free to move since it would effect only pressure, and not the 
specific heats. 

(b) We take the entire cylinder as our system, which is a closed system. Noting that the cylinder is well-insulated and thus 
there is no heat transfer, the entropy balance for this closed system can be expressed as 

c _ v + v - a v 

y in ° out 1 ‘-'gen ^ system 

Net entropy transfer Entropy Change 

by heat and mass generation in entropy 

0 + S gen = + AS He + AS piston 


But first we determine the final pressure in the cylinder: 

4.772 kg 0.8079 kg 


A^total ~ b/ m + iVu 0 - 


' m ' 


N- 


He 


M 




+ 


7 N- 


M 


7 He 


28 kg/kmol 4 kg/kmol 


- 0.3724 kmol 


c = 


_ N m R u T _ (0.3724 kmol)(8.314 kPa • m 3 /kmol- k)(329 K) _ 


V, 


= 509.4 kPa 


total 


2 m 
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Then, 


AS n = m 


f T 7 

c p In — 

V M 


Pin 




R 


i y 


N- 


= (4.772 kg | (1.039 kJ/kg-K)lnT^_(o.2968 kJ/kg -K) In 5 ° 9 ' 4 ^ 
A 353 K ' 500 kPa 


= -0.3749 kJ/K 


A5 He — m 


f j p \ 

c In — - R In — 

p r, p. 


1 y He 


= (0.8079 kgj (5.1926 kJ/kg • K)ln ( 2 .0769 kJ/kg K) In 5 ° 9 ' 4 k?a 

' 353 K V ' 500 kPa 


= 0.3845 kJ/K 


^ piston 


T 

me In — 

. T \ J 


piston 


329 K 

= (5 kgX0.386 kJ/kg • K)ln = 0.021 kJ/K 

325.5 K 


S nan = AS N + ASu„+AS nietnn = -0.3749 + 0.3845 + 0.021 = 0.03047 kJ/K 


gen 


He 


piston 


The wasted work potential is equivalent to the exergy destroyed during a process, and it can be determined from an exergy 
balance or directly from its definition X destroyed = T 0 S gen > 

^destroyed = %„ = (298 K)(0.03047kJ/K) = 9.08 kj 

If the piston were not free to move, we would still have T 2 = 330.2 K but the volume of each gas would remain constant in 
this case: 


A S N = m 


f , T 2 V 2 ^ 

c„ln — -7? In ‘ 


T, 


V 


329 K 


= (4.772 kgX0.743 kJ/kg-K)ln = -0.2492 kJ/K 


y N- 


353 K 


AS He =m 


, ]nlL- R]n V 2 




T, 


V 


329 K 


= (0.8079 kg)(3 . 1 1 56 kJ/kg -K) In = 0.2494 kJ/K 


He 


353 K 


=AS n + AAu. + AS„ ; „ t _ = -0.2492 + 0.2494 + 0.02 1 = 0.02 1 04 kJ/K 


gen 


He ' piston 


and 


^destroyed = Vgen = (298 K)(0.02104kJ/K) = 6.27 kj 
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8-1 17E Argon enters an adiabatic turbine at a specified state with a specified mass flow rate, and leaves at a specified 
pressure. The isentropic and second-law efficiencies of the turbine are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Argon is an ideal gas with constant specific heats. 

Properties The specific heat ratio of argon is k = 1.667. The constant pressure specific heat of argon is c p = 0.1253 
Btu/lbm.R. The gas constant is R = 0.04971 Btu/lbm.R (Table A-2E). 

Analysis There is only one inlet and one exit, and thus m x = m 2 = m .We take the isentropic turbine as the system, which is 

a control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


^in -^out 

V 

Rate of net energy transfer 
by heat, work, and mass 


a r? ^0 (steady) 

L ^ £j system 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 




mh x = W s out + mh 2s (since Q = Ake = Ape = 0) 

W s , out =»?(/!, -h ls ) 


From the isentropic relations, 


T 2s = T x 


P 


2s 




= (1960 R) 


/ . \ 0.667 / 1 .667 

A 30psia 
200psia 


= 917.5 R 


1 



Then the power output of the isentropic turbine becomes 


fT out = me fa -T 2s ) = (40 lbm/min)(0.1253 Btu/lbm R)(1960-917.5)R 


r 


lhp 


42.41 Btu/min 


123.2 hp 


Then the isentropic efficiency of the turbine is determined from 


W 


rfr = — 

W, 


r/,out 


s, out 


95 hp - = 0.771 = 77.1% 
123.2 hp 


(b) Using the steady-flow energy balance relation W a out = me p (T x - T 2 ) above, the actual turbine exit temperature is 
determined to be 


T i = T \ 


W. 


a, out 


= 1500 


95 hp 


^ 42.41 Btu/min A 


me 


(40 lbm/min)(0. 1253 Btu/lbm • R) 


lhp 


= 696. 1°F = 1 156.1 R 


The entropy generation during this process can be determined from an entropy balance on the turbine, 


c _ c 

° in ° out 


+ 


s 


gen 


= AS 


system 


= 0 


Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation 0 f entropy 

ms x -ms 2 +S„ en = 0 


Sgen = m(s 2 -Sj) 


where 


s 2 s j 


T, Pi 

c _ In — - R In — 

P T x P x 

(0. 1 253 Btu/lbm • R) In U56,1R 

1960 R 

0.02816 Btu/lbm.R 


(0.04971 Btu/lbm -R) In 


30psia 
200 psia 
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The exergy destroyed during a process can be determined from an exergy balance or directly from its definition 
X -re 

^ destroyed i 0 lJ gen ’ 


^destroyed - ^O^gen “ ^o( S 2 S \ ) 

= (40 lbm/min)(537 R)(0.028 16 Btu/lbm • R) 
= 14.3 hp 

Then the reversible power and second-law efficiency become 

<v,out = < 01 * + ^destroyed = 95 + 14 - 3 = 109 - 3 h P 

and 

= = = 86.9% 

^rev.out 109.3 hp 


lhp 


42.41 Btu/min 
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8-118 The feedwater of a steam power plant is preheated using steam extracted from the turbine. The ratio of the mass flow 
rates of the extracted steam and the feedwater are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat loss from the device to the surroundings is negligible and thus heat transfer from the hot fluid is equal to 
the heat transfer to the cold fluid. 

Properties The properties of steam and feedwater are (Tables A-4 through A-6) 


P x =1.6 MPa 
T x = 250°C 

P 2 =1.6 MPa 
sat. liquid 

P 3 = 4 MPa 
T 3 = 30°C 


h x = 2919.9 kJ/kg 
s x = 6.6753 kJ/kg -K 

^2 = h/@ i.6 MPa =858.44 kJ/kg 
^2 = s f@ i.6 MPa = 2.3435 kJ/kg • K 
T 2 = 201.4°C 


Steam 

from 

turbine 


/* 3 = h =129.37 kJ/kg 
5 3^ /@3 0T=°- 4355kJ/k g- K 


© 


P 4 = 4 MPa 


T 4 =T 2 - 10°C = 191. 4°C 


h 4 — ^/■@i9i.4°c — 8 14. 78 kJ/kg 
£4 = s ^'@i 9 i. 4 °c = 2.2446 kJ/kg • K 



1.6 MPa 
250°C 


Analysis {a) We take the heat exchanger as the system, which is a 
control volume. The mass and energy balances for this steady-flow 
system can be expressed in the rate form as follows: 

Mass balance (for each fluid stream): 



Feedwater 

4 MPa 
30°C 


^in ^out system 


710 (steady) _ 


= 0— » rh m = m out -+ m x = m 2 = m s and m 3 = m 4 = m j w 


Energy balance (for the heat exchanger): 


^in ^out 


Arp ^0 (steady) 
system 


= 0 


-> E m - E out 


Rate of net energy transfer R a t e of change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

m x h x + m 3 h 3 = m 2 h 2 + m 4 h 4 (since Q = W = Ake = Ape = 0) 
Combining the two, m s ( h 2 - h { ) = m fw (A3 - h 4 ) 

Dividing by tit fw and substituting, 


m s h 3 - h 4 (129.37 - 8 14.78)kJ/kg 
~ay~~ b 2 -h x ~ (858.44 -2919.9)kJ/kg 


0.3325 


(b) The entropy generation during this process per unit mass of feedwater can be determined from an entropy balance on 
the feedwater heater expressed in the rate form as 


‘-bn ^out 


+ 


s 


gen 


= AS 


<po 


system 


= 0 


s 


gen 


Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 

m x s x -m 2 s 2 +rh 3 s 3 - m 4 s 4 + £ gen = 0 
m s (s l -s 2 ) + mfi v (s 3 -s 4 ) + S gen = 0 

m 


(^2 - s x )+ {s 4 - s 3 ) = (0.3325X2.3435 - 6.6753)+ (2.2446 - 0.4355)= 0.3688 kJ/K • kg fw 

m fw m fw 

Noting that this process involves no actual work, the reversible work and exergy destruction become equivalent since 

^destroyed — ^rev,out ^act,out ^ ^rev,out — ^destroyed - 

The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition X destroyed = 

^O^gen 5 


X 


destroyed 


= T 0 S gen = (298 K)(0.3688 kJ/K • kgfw) = 109.9 kJ/kg feedwater 
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8-119 



Problem 8-118 is reconsidered. The effect of the state of the steam at the inlet of the feedwater heater on the 


ratio of mass flow rates and the reversible power is to be investigated. 
Analysis Using EES, the problem is solved as follows: 


"Input Data" 

"Steam (let st=steam data):" 

Fluid$- Steam JAPWS' 

T_st[1]=250 [C] 

{P_st[1]=1600 [kPa]} 

P_st[2] = P_st[1] 

x_st[2]=0 "saturated liquid, quality = 0%" 

T_st[2]=temperature(steam, P=P_st[2], x=x_st[2]) 

"Feedwater (let fw=feedwater data):" 

T_fw[1]=30 [C] 

P_fw[1]=4000 [kPa] 

P_fw[2]=P_fw[1] "assume no pressure drop for the feedwater" 
T_fw[2]=T_st[2]-1 0 

"Surroundings:" 

T_o = 25 [C] 

P_o = 100 [kPa] "Assumed value for the surrroundings pressure" 
"Conservation of mass:" 

"There is one entrance, one exit for both the steam and feedwater." 
"Steam: m_dot_st[1] = m_dot_st[2]" 

"Feedwater: m_dot_fw[1] = m_dot_fw[2]" 

"Let m_ratio = mdotst/mdotfw" 

"Conservation of Energy:" 

"We write the conservation of energy for steady-flow control volume 
having two entrances and two exits with the above assumptions. Since 
neither of the flow rates is know or can be found, write the conservation 
of energy per unit mass of the feedwater." 

EJn - E_out =DELTAE_cv 
DELTAE_cv=0 "Steady-flow requirement" 

EJn = m_ratio*h_st[1] + hfw[1] 
h_st[1]=enthalpy(Fluid$, T=T_st[1], P=P_st[1]) 
h_fw[1]=enthalpy(Fluid$,T=T_fw[1], P=P_fw[1]) 

E_out = m_ratio*h_st[2] + h_fw[2] 
h_fw[2]=enthalpy(Fluid$, T=T_fw[2], P=P_fw[2]) 
h_st[2]=enthalpy(Fluid$, x=x_st[2], P=P_st[2]) 

"The reversible work is given by Eq. 7-47, where the heat transfer is zero 
(the feedwater heater is adiabatic) and the Exergy destroyed is set equal 
to zero" 

W_rev = m_ratio*(Psi_st[1]-Psi_st[2]) +(PsiJw[1]-PsiJw[2]) 

Psi_st[1 ]=h_st[1 ]-h_st_o -(T_o + 273)*(s_st[1]-s_st_o) 
s_st[1]=entropy(Fluid$,T=T_st[1], P=P_st[1]) 
h_st_o=enthalpy(Fluid$, T=T_o, P=P o) 
s_st_o=entropy(Fluid$, T=T_o, P=P o) 

Psi_st[2]=h_st[2]-h_st_o -(T_o + 273)*(s_st[2]-s_st_o) 
s_st[2]=entropy(Fluid$,x=x_st[2], P=P_st[2]) 

Psi_fw[1 ]=h_fw[1 ]-h_fw_o -(T o + 273)*(s_fw[1]-s_fw_o) 
h_fw_o=enthalpy(Fluid$, T=To, P=P_o) 
s_fw[1]=entropy(Fluid$,T=TJw[1], P=P_fw[1]) 
s_fw_o=entropy(Fluid$, T=T_o, P=P o) 

Psi_fw[2]=h_fw[2]-h_fw_o -(T_o + 273)*(s_fw[2]-s_fw_o) 
s_fw[2]=entropy(Fluid$,T=T fw[2], P=P_fw[2]) 
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rev [kJ/kg] m rati0 [kg/kg] 
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Pst,1 

fkPal 

m ratio 

fkg/kgl 

w rev 

[kJ/kgl 

200 

0.1361 

42.07 

400 

0.1843 

59.8 

600 

0.2186 

72.21 

800 

0.2466 

82.06 

1000 

0.271 

90.35 

1200 

0.293 

97.58 

1400 

0.3134 

104 

1600 

0.3325 

109.9 

1800 

0.3508 

115.3 

2000 

0.3683 

120.3 



P st[1] l kPa l 



p st[1] l kPa l 
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8-120 A 1-ton (1000 kg) of water is to be cooled in a tank by pouring ice into it. The final equilibrium temperature in the 
tank and the exergy destruction are to be determined. 

Assumptions 1 Thermal properties of the ice and water are constant. 2 Heat transfer to the water tank is negligible. 3 There 
is no stirring by hand or a mechanical device (it will add energy). 

Properties The specific heat of water at room temperature is c = 4.18 kJ/kg-°C, and the specific heat of ice at about 0°C is 
c = 2.1 1 kJ/kg-°C (Table A-3). The melting temperature and the heat of fusion of ice at 1 atm are 0°C and 333.7 kJ/kg.. 

Analysis {a) We take the ice and the water as the system, and 
disregard any heat transfer between the system and the surroundings. 

Then the energy balance for this process can be written as 

^in — ^out — A ^ system 

v v / v V ' 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

0 = A U 

0 = A t/ ice + AU water 

[mc(0 o C-7’ 1 ) solid + mh if + mc(T 2 -0°C) liquid ] ice + [mc(T 2 -7\)] water = 0 
Substituting, 

(80 kg){(2.11 kJ/kg-°C)[0-(-5)]°C + 333.7 kJ/kg + (4.18 kJ/kg- 0 C)(r 2 -0)°C} 

+(1000 kg)(4.18 kJ/kg-°C)(r 2 -20)°C = 0 



It gives T 2 = 12.42°C 

which is the final equilibrium temperature in the tank. 

(b) We take the ice and the water as our system, which is a closed system .Considering that the tank is well-insulated and 
thus there is no heat transfer, the entropy balance for this closed system can be expressed as 


where 


c _ v + v - a v 

^ in ^ out 1 gen system 


Net entropy transfer Entropy Change 
by heat and mass generation in entropy 

0 + Sgen = AS ice + AS water 


AS 


water 


T 

me In 2 


71 


285 42 K 

= (1000 kg)(4.18 kJ/kg -K)ln- — 1 = -109.590 kJ/K 


1 7 water 

^-bce — solid AA melting ^-Miquid ): 


293 K 


me In 


T ^ 

melting 


71 


mh ; 


ig 


T 

solid meltin g 


T 

me In 2 


71 


i J 


liquid J- 


ice 


285.42 K 


= (80 kg][(2. 1 1 kJ/kg • K)m +(4.18 kJ/kg • K)m 273 K 
= 115.783 kJ/K 


Then, S gen = A5 water + AS ice = -109.590 + 1 15.783 = 6.193 kJ/K 

The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition A destroyed —TqS g en , 

^destroyed = ^gen = (293 K)(6. 193 kJ/K) - 1815 kj 
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8-121 One ton of liquid water at 65°C is brought into a room. The final equilibrium temperature in the room and the 
entropy generated are to be determined. 

Assumptions 1 The room is well insulated and well sealed. 2 The thermal properties of water and air are constant at room 
temperature. 3 The system is stationary and thus the kinetic and potential energy changes are zero. 4 There are no work 
interactions involved. 

Properties The gas constant of air is R = 0.287 kPa.m 3 /kg.K (Table A-l). The constant volume specific heat of water at 
room temperature is c v = 0.718 kJ/kg -°C (Table A-2). The specific heat of water at room temperature is c = 4. 18 kJ/kg-°C 
(Table A-3). 

Analysis The volume and the mass of the air in the room are 
(/= 3 x 4 x 7 = 84 m 3 

Wair = ^ = (1Q ° kPa , )(84m3) = 101.3 kg 

RT X (0.2870 kPa-m 3 /kg-K)(289K) 

Taking the contents of the room, including the water, as our system, the 
energy balance can be written as 

fin ~ ^out — system 

N et energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

0 = AC/ = (AC/) water+ (AC/) air 
or [mc(T 2 - T t )] water + [mc v (T 2 - T x )] air = 0 

Substituting, (l000kgX4.18kJ/kg-°C)(7> - 65)°C + (l01.3kgX0.718 kJ/kg ■ “C)^ -16) 3 C = 0 


3mx4mx7m 

ROOM 
16°C 
100 kPa 


Heat 


Water 

65°C 


It gives the final equilibrium temperature in the room to be 


T f = 64.2°C 

(b) We again take the room and the water in it as the system, which is a closed system. Considering that the system is well- 
insulated and no mass is entering and leaving, the entropy balance for this system can be expressed as 


c _ c + c - AS* 

y in ° out ^ °gen system 

Net entropy transfer Entropy Change 
by heat and mass generation in entropy 

0 + fi^en = A^air + A A water 

where 

• K)ln 337 ' 2 K =1 1.21 kJ/K 
289 K 

-10.37 kJ/K 

j JJOIV 


AS air = mc {/ \n-^ + mR\n-^ = (l 0 1 .3 kgXo.7 1 8 kJ/kg 
T\ V { 

T 337 2 K 

AA water = me ln-f = (1000 kgX4.18 kJ/kg • K )ln— — = 


Substituting, the entropy generation is determined to be 
A gen = 11.21 - 10.37 = 0.834 kJ/K 

The exergy destroyed during a process can be determined from an exergy balance or directly from its definition 
X = T ^ 

destroyed 1 0 ° gen ’ 


^destroyed = T,S gen = (283 K)(0.834 kJ/K) = 236 kj 

(c) The work potential (the maximum amount of work that can be produced) during a process is simply the reversible work 
output. Noting that the actual work for this process is zero, it becomes 

^destroyed — ^rev,out ^aefout ^ ^ rev, out — ^destroyed — ^36 kj 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 




8-118 


8-122 An evacuated bottle is surrounded by atmospheric air. A valve is opened, and air is allowed to fill the bottle. The 
amount of heat transfer through the wall of the bottle when thermal and mechanical equilibrium is established and the 
amount of exergy destroyed are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Air is an ideal gas. 3 
Kinetic and potential energies are negligible. 4 There are no work interactions involved. 5 The direction of heat transfer is 
to the air in the bottle (will be verified). 

Properties The gas constant of air is 0.287 kPa.m 3 /kg.K (Table A-l). 

Analysis We take the bottle as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, 
the mass and energy balances can be expressed as 

Mass balance: m in -m out = A m system m,- = m 2 (since m oat = = 0) 


Energy balance : 

E in ~ ^out = system 

v v T v — v — ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Q m + m , h , = m iUi (since W = E out = £ initial = ke = pe = 0) 


Combining the two balances : 
Qm = m 2 (u 2 -hi) 


where 


= 


P 2 V 


(lQO kPa)(o.Q12 m 


RT 2 (0.287 kPa • m 3 /kg • K (290 K) 


= 0.0144 kg 


7 ;. = r 2 = 290 K 


Table A-l 7 > K ~ 290.16 kJ/kg 
u 2 = 206.9 lkJ/kg 


100 kPa 



Substituting, 

Q m = (0.0144 kg)(206.91 - 290.16) kJ/kg = - 1.2 kJ -> Q out = 1.2 kj 

Note that the negative sign for heat transfer indicates that the assumed direction is wrong. Therefore, we reversed the 
direction. 

The entropy generated during this process is determined by applying the entropy balance on an extended system 
that includes the bottle and its immediate surroundings so that the boundary temperature of the extended system is the 
temperature of the surroundings at all times. The entropy balance for it can be expressed as 

^in ^out ^gen — system 

Net entropy transfer Entropy Change 
by heat and mass generation in entropy 

^^out i o AC 

m i s i ~~ + 5 gen = A5 ta„k = m 2 s 2 ~ m l s l = m 2 S 2 

I b,in 


Therefore, the total entropy generated during this process is 


Sgen =-m i s i +m 2 s 2 


(2out 

T 

1 b,out 




^out 


T 

1 b,out 


QowX 

T 

surr 


1.2 kJ 
290 K 


= 0.00415 kJ/K 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition A destroyed — To^gen > 


^destroyed = ^gen = (290 K)(0.004 1 5 kJ/K) - 1.2 kj 
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8-123 Argon gas in a piston-cylinder device expands isothermally as a result of heat transfer from a furnace. The useful 
work output, the exergy destroyed, and the reversible work are to be determined. 

Assumptions 1 Argon at specified conditions can be treated as an ideal gas since it is well above its critical temperature of 
151 K. 2 The kinetic and potential energies are negligible. 

Analysis We take the argon gas contained within the piston-cylinder device as the system. This is a closed system since no 
mass crosses the system boundary during the process. We note that heat is transferred to the system 

from a source at 1200 K, but there is no heat exchange with the environment at 300 K. Also, the temperature of the system 
remains constant during the expansion process, and its volume doubles, that is, T 2 = T x and V 2 = 2V X . 

(< a ) The only work interaction involved during this isothermal process is the quasi-equilibrium boundary work, which is 
determined from 


W = W b = [Pdi/ = P,U In — = (350 kPa)(0.01 m 3 )ln Q '° 2 m , = 2.43 kPa • m 3 =2.43kJ 
•J K 0.01m 3 

This is the total boundary work done by the argon gas. Part of this work is done against the atmospheric pressure P 0 to push 
the air out of the way, and it cannot be used for any useful purpose. It is determined from 

W surr =P 0 (y 2 -C/ | ) = (100kPa)(0.02-0.01)m 3 =lkPam 3 = 1 kJ 

The useful work is the difference between these two: 

W u =W-W sun =2.43-1 = 1.43 kJ 

That is, 1 .43 kJ of the work done is available for creating a useful effect such as rotating a shaft. Also, the heat transfer 
from the furnace to the system is determined from an energy balance on the system to be 

^in — -^out — ^^system 

v v J y V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Qin - Cb.out = A U = me, AT = 0 
fin =0b,out= 2.43 kJ 


(b) The exergy destroyed during a process can be determined from an exergy balance, or directly from X destroyed = T 0 S gen . We 
will use the second approach since it is usually easier. But first we determine the entropy generation by 

applying an entropy balance on an extended system (system + immediate surroundings), which includes the temperature 
gradient zone between the cylinder and the furnace so that the temperature at the boundary where heat 

transfer occurs is T R = 1200 K. This way, the entropy generation associated with the heat transfer is included. Also, the 
entropy change of the argon gas can be determined from Q/T sys since its temperature remains constant. 


c _ c i c — AC 

^in ^out ‘ ‘-'gen ° system 

Net entropy transfer Entropy Change 
by heat and mass generation in entropy 


Q_ 

t r 




= Q_ 

T sys 


Therefore, 


and 



_Q_ 

T sys 



2.43 kJ 
400 K 


9 zn vi 

= 0.00405 kJ/K 

1200 K 


A d est = T 0 S gen = (300 K)(0. 00405 kJ/K) = 1 .22 kJ 
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(c) The reversible work, which represents the maximum useful work that could be produced fErev,out, can be determined 
from the exergy balance by setting the exergy destruction equal to zero, 


^in ^out 

V J 

V 

Net exergy traisfer 
by heat, work, and mass 


Y 710 (reversibb) __ \y 

~ ^ destroyed — system 


Exergy 

destructicn 


1- 


Tn 


T, 


Q-w, 


Change 
in exergy 


rev, out X 2 


bj 


= {U 2 -U x ) + P 0 {V 2 -V l )-T 0 {S 1 -S l ) 

0 


= 0 + W mn -T 0 


T. 


sys 


since AKE = APE = 0 and AU = 0 (the change in internal energy of an ideal gas is zero during an isothermal process), and 
AA sys = Q/T sys for isothermal processes in the absence of any irreversibilities. Then, 


W ~T 

¥V rev, out 1 0 


Q 


T. 


-W + 

surr 


sys 


1- 


Tn 


T. 


\Q 


RJ 


= (300K) 


2.43 kJ 
400 K 


- (1 kJ) + 


1- 


300 K 
1200K 


(2.43 kJ) 


= 2.65kJ 


Therefore, the useful work output would be 2.65 kJ instead of 1.43 kJ if the process were executed in a totally reversible 
manner. 


Alternative Approach The reversible work could also be determined by applying the basics only, without resorting to 
exergy balance. This is done by replacing the irreversible portions of the process by reversible ones that create 

the same effect on the system. The useful work output of this idealized process (between the actual end states) is the 
reversible work. The only irreversibility the actual process involves is the heat transfer between the system and the furnace 
through a finite temperature difference. This irreversibility can be eliminated by operating a reversible heat engine between 
the furnace at 1200 K and the surroundings at 300 K. When 2.43 kJ of heat is supplied to this heat engine, it produces a 
work output of 


^HE “ VrevQH ~ 


1- 


T, \ r 
L Qh = 


T, 


H J 


1- 


300K 

1200K 


(2.43kJ) = 1.82kJ 


The 2.43 kJ of heat that was transferred to the system from the source is now extracted from the surrounding air at 300 K 
by a reversible heat pump that requires a work input of 


W, 


Qh 


HP, in 


COR 


HP 


Qh = 2.43 kJ 

T h /(T h - T l ) (400 K) /(400 - 300)K 


0.6 lkJ 


Then the net work output of this reversible process (i.e., the reversible work) becomes 
w rev = W u + W HE - W HP in = 1 .43 + 1 .82 - 0.61 = 2.64 kJ 

which is practically identical to the result obtained before. Also, the exergy destroyed is the difference between the 
reversible work and the useful work, and is determined to be 

^dest = ^rev,out “ ^u.out = 2.65 - 1 .43 = 1 .22 kJ 

which is identical to the result obtained before. 
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8-124 A heat engine operates between two constant-pressure cylinders filled with air at different temperatures. The 
maximum work that can be produced and the final temperatures of the cylinders are to be determined. 

Assumptions Air is an ideal gas with constant specific heats at room temperature. 

Properties The gas constant of air is 0.287 kPa.m 3 /kg.K (Table A-l). The constant pressure specific heat of air at room 
temperature is c p = 1.005 kJ/kg.K (Table A-2). 

Analysis For maximum power production, the entropy generation must be zero. We take the two cylinders (the heat source 
and heat sink) and the heat engine as the system. Noting that the system involves no heat and mass transfer and that the 
entropy change for cyclic devices is zero, the entropy balance can be expressed as 



T 2 = yjT u T lB = V(900 K)(300 K) = 519.6 K 


The energy balance E in - E out = A E s stem for the source and sink can be expressed as follows: 
Source : 

~ 2source,out ^ b,in ~ ^ 2source,out — ~ p (^1 A ~^2 ) 

Source, out = me p (T lA - T 2 ) = (30 kg)( 1 .005 kJ/kg • K)(900 - 5 19.6)K = 1 1 ,469 kJ 

Sink: 

2sink,in ~^b,out ~ ^ 2sink,in — A// — UlC ^ {T 2 ~T\a) 

2sink,in =mc p (T 2 ~T xb ) = (30 kg)( 1.005 kJ/kg -K)(5 19.6- 3 00)K= 662 lkJ 
Then the work produced becomes 

^max,out = Qh ~ Ql = 2source,out “ 2sink,in = ^ 1,469 - 6621 = 4847 kJ 
Therefore, a maximum of 4847 kJ of work can be produced during this process 
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8-125 A heat engine operates between a nitrogen tank and an argon cylinder at different temperatures. The maximum work 
that can be produced and the final temperatures are to be determined. 

Assumptions Nitrogen and argon are ideal gases with constant specific heats at room temperature. 

Properties The constant volume specific heat of nitrogen at room temperature is c v = 0.743 kJ/kg.K. The constant pressure 
specific heat of argon at room temperature is c p = 0.5203 kJ/kg.K (Table A-2). 

Analysis For maximum power production, the entropy generation must be zero. We take the tank, the cylinder (the heat 
source and the heat sink) and the heat engine as the system. Noting that the system involves no heat and mass transfer and 
that the entropy change for cyclic devices is zero, the entropy balance can be expressed as 


c _ v 

° in ° out 

^ J 

V 

Net entropy transfer 
by heat and mass 


+ S 


710 


gen 


Entropy 

generation 


AA system 

v. j 

V 

Change 
in entropy 


0 + 5 


710 


gen 


= AS 


tank, source 


+ AS 


cylinder, sink 


+ AS 


710 


heat engine 


( AS) source +( AS) - k =0 


t 2 v 2 

me,, In mR In 




T, 




+ 0 + 


r t 2 p 2 ^ 

me n In mR In — 


2 source 


P 




R 


= 0 


sink 


Substituting, 


(20 kg)(0.743 kJ /kg - K) In 


To 


1000 K 


(10 kg)(0.5203 kJ /kg - K) In 


E 


300 K 


= 0 


Solving for T 2 yields 

T 2 = 731.8 K 

where T 2 is the common final temperature of the tanks for maximum power production. 



The energy balance E m - E out = A£ system for the source and sink can be expressed as follows: 


Source: 

— £2 source, out — A U — me v (T 2 ~T\^) 2 0 sour ce,out ~ ^2 ) 

e s ource,out = mc v (T lA -T 2 ) = (20kg)(0.743 kJ/kg -K)( 1000 -731. 8)K - 3985 kJ 

Sink: 


Qs ink,in - ^b,out = A U -> 2sink,in = AH = me p (T 2 - T ]A ) 

£? s ink,in = mc v (T 2 - T lA ) = (10 kg)(0.5203 kJ/kg • K)(73 1.8- 300)K = 2247 kJ 
Then the work produced becomes 

^max,out =Qh-Ql= 0so U rce,out ~ 0s,nk,in = 3985 - 2247 = 1739 kJ 
Therefore, a maximum of 1739 kJ of work can be produced during this process 
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8-126 A rigid tank containing nitrogen is considered. Heat is now transferred to the nitrogen from a reservoir and nitrogen 
is allowed to escape until the mass of nitrogen becomes one-half of its initial mass. The change in the nitrogen's work 
potential is to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process. 2 
Kinetic and potential energies are negligible. 3 There are no work interactions involved. 4 Nitrogen is an ideal gas with 
constant specific heats. 


Properties The properties of nitrogen at room temperature are c p = 1.039 kJ/kg-K, c v = 0.743 kJ/kg-K, and R = 0.2968 
kJ/kg-K (Table A-2a). 


Analysis The initial and final masses in the tank are 
PV (1200 kPa)(0.050 m 3 ) 


m, = 


RT\ (0.2968 kPa • m 3 /kg • K)(293 K) 

^ = O690kg_ 0 
2 2 

The final temperature in the tank is 

PV (1200 kPa)(0.050 m 3 ) 


= 0.690 kg 


t 2 = 


m 2 R (0.345 kg)(0.2968 kPa • m 3 /kg • K) 


= 586 K 



We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the microscopic 
energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, the mass and 
energy balances for this uniform- flow system can be expressed as 

Mass balance : 


^in ^out system 


m e = m 2 


Energy balance : 


^in ^out — ^'system 

V v ' V V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin ~ m e h e = m 2 U 2 

Qout =m e h e +m 2 u 2 -m l u l 


Using the average of the initial and final temperatures for the exiting nitrogen, 

T e = 0.5(7; +T 2 ) = 0.5((293 + 586) = 439.5 K this energy balance equation becomes 


Qout = m e h e + m 2 u 2 ~ m \ u \ 

= m e Cp T e +™ 2 C<, T 2 ~ m \C v T\ 

= (0.345)(1.039)(439.5) + (0.345)(0.743)(586) - (0.690)(0.743)(293) 
= 157.5 kJ 


The work potential associated with this process is equal to the exergy destroyed during the process. The exergy destruction 
during a process can be determined from an exergy balance or directly from its definition ^"destroyed = ^o^gen • The entropy 

generation S gen in this case is determined from an entropy balance on the system: 


c _ c i e — ac 
‘-’in u out ' gen J system 

Net entropy transfer Entropy Change 
by heat and mass generation in entropy 

^ E -~m e s e +S gen = A S tank =m 2 s 2 -m x s l 

1 R 



m 2 s 2 -m x s x + m e s e 


Qtu 

t r 
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Noting that pressures are same, rearranging and substituting gives 
S gen = ™ 2 s 2 - m 1 s 1 +m e s e 


= m 2 c In T 2 - m x c p In T { + m e c In T e - 


= (0.345)(1 .039) ln(586) - (0.690)(1 .039) ln(293) + (0.345)(1 .039) ln(439.5) - 


157.5 


= 0.190 kJ/K 


Then, 


^rev = ^destroyed = T 0 S gen = (293 K)(0. 190 kJ/K) = 55.7 kj 


Alternative More Accurate Solution 

This problem may also be solved by considering the variation of gas temperature at the outlet of the tank. The 
mass and energy balances are 

dm 

me ~~~dt 

■ d(mu) dm c d(mT) dm 

Q = n = cl 

dt dt dt dt 

Combining these expressions and replacing T in the last term gives 


Q = c, 


d(mT) c p PV dm 
dt Rm dt 


Integrating this over the time required to release one-half the mass produces 

c p PV m 2 

Q = c v (m 2 T 2 -w l 7 , l ) — ln^- 

R m { 

The reduced combined first and second law becomes 


//, To) d(U-T 0 S ) , ^ Jm 

W r ev=C? I"- +(h-T 0 s) — 


when the mass balance is substituted and the entropy generation is set to zero (for maximum work production). Expanding 
the system time derivative gives 

rir A, To') d(mu-T 0 ms) ^ x dm 
Kev =Q 7. +(h~ T oS) — 


. A ! _ 5 l )_ + T„,„ * + T a s ^ + (* - T„s) ^ 


A, T 0 ) d(mu ) dm , T 0 dh 

T D dt dt T dt 
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Substituting Q from the first law, 


d(mu) 

7 dm 
-h 

f 

1- 

T 0 ] 


d(mu) 

, dm 
-h 

dt 

dt _ 

V 

t r) 


dt 

dt _ 


T 0 dh 

+ m 

T dt 


To 

T r 

Tr 


d(mu) 

dt 


h 


d(mT) 



dm 

dt 


c p T 


dh 
m — 
dt 

dm 

dt 


mc p 


dT_ 

dt 


At any time, 


T = 


PV 

mR 


which further reduces this result to 



T 0 PV dm „ c dT 

— c D + T 0 m — 

T r p mR dt T dt 


Rdp 
P dt , 


When this integrated over the time to complete the process, the result is 


W = 

rev 


T 0 c p PV 


To R 


In 


m 


+ T ( 


cPV 


p 


o 


R jly m x R 

293 (1.039)(1200)(0.050) 


1 1 




T 


2 J 


773 

= 49.8 kJ 


0.2968 


ln 1 + (293) (1 .039)(1200)(0.050) ( 

2 ^ 0.2968 293 


1 ^ 

586 y 
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8-127 A rigid tank containing nitrogen is considered. Nitrogen is allowed to escape until the mass of nitrogen becomes one- 
half of its initial mass. The change in the nitrogen's work potential is to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process. 2 
Kinetic and potential energies are negligible. 3 There are no work interactions involved. 4 Nitrogen is an ideal gas with 
constant specific heats. 


Properties The properties of nitrogen at room temperature are c p = 1.039 kJ/kg-K, 
c u = 0.743 kJ/kg-K, k= 1.4, and R = 0.2968 kJ/kg-K (Table A-2a). 

Analysis The initial and final masses in the tank are 


Pi/ (1000 kPa)(0.100 m 3 ) 

m, = = = 1. 150kg 

RT X (0.2968 kPa-m 3 /kg-K)(293K) 


m 2 = m e 


m l 

T 


1.150kg 

2 


0.575 kg 


Nitrogen 
100 L 
1000 kPa 
20°C 



m e 


We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the microscopic 
energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, the mass and 
energy balances for this uniform-flow system can be expressed as 

Mass balance : 


ni m m ou x A/77 S y Stem — > 


m e - m 2 


Energy balance : 

^in — -^out — ^-^system 

v v j v V ' 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

-m e h e = m 2 u 2 -m l u l 

Using the average of the initial and final temperatures for the exiting nitrogen, this energy balance equation becomes 

-m e h e = m 2 u 2 -m x u x 
-m e c p T e =m 2 cj 2 -m x c v T x 

- ( 0 . 575 )( 1 . 039 )( 0 . 5)(293 + T 2 ) = ( 0 . 575 )( 0 . 743 ) 7’ 2 —( 1 . 1 50 )( 0 . 743 )( 293 ) 

Solving for the final temperature, we get 
T 2 = 224.3 K 


The final pressure in the tank is 




m 2 RT 2 (0.575 kg)(0.2968 kPa • m 3 /kg • K)(224.3 K) 


C/ 


= 382.8 kPa 


0.100m 


The average temperature and pressure for the exiting nitrogen is 
T e = 0.5 (7\ +T 2 ) = 0.5(293 + 224.3) = 258.7 K 


P e = 0.5 (P l + P 2 ) = 0.5(1000 + 382.8) = 691.4 kPa 

The work potential associated with this process is equal to the exergy destroyed during the process. The exergy destruction 
during a process can be determined from an exergy balance or directly from its definition A destroyed = T 0 S gen • The entropy 

generation S gen in this case is determined from an entropy balance on the system: 

c _ c I e — ac 
^in °out ' ‘-’gen ^ system 

Net entropy transfer Entropy Change 

by heat and mass generation in entropy 

-m e s e +S gen =AS tank =m 2 s 2 -m 1 s l 
s gen =™ 2 S 2 -m l s l +m e s e 
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•Sgen =m 2 s 2 -m x s 1 +m e s e 

= m 2 (c p In T 2 - R In P 2 ) - nt\ (c p In T x - R In P x ) + m e (c p In T e -R In P e ) 

= (0.575)[l .039 ln(224.3) - (0.2968) ln(382.8)]- (1.15)[l.039 ln(293) - (0.2968) ln(1000)] 

+ (0.575)[l .039 ln(258.7) - (0.2968) ln(691.4)] 

= 2.2188-4.4292 + 2.2032 = -0.007152 kJ/K 

Then, 

Ke V =^ destroyed =r 0 ^ gen =(293 K)(-0.007 152 kJ/K) = -2.10 kJ 

The entropy generation cannot be negative for a thermodynamically possible process. This result is probably due to using 
average temperature and pressure values for the exiting gas and using constant specific heats for nitrogen. This sensitivity 
occurs because the entropy generation is very small in this process. 


Alternative More Accurate Solution 


This problem may also be solved by considering the variation of gas temperature and pressure at the outlet of the 
tank. The mass balance in this case is 


m e = 


dm 

dt 


which when combined with the reduced first law gives 

d(mu) . dm 

= h 

dt dt 

Using the specific heats and the ideal gas equation of state reduces this to 
1/ dP dm 

c v = c 

R dt dt 

which upon rearrangement and an additional use of ideal gas equation of state becomes 


1 dP 


c P l dm 


P dt c„ m dt 


When this is integrated, the result is 


p 2 =p { 


r \ k 
J 


= 1000 


^\l-4 




= 378.9 kPa 


The final temperature is then 


T 2 = 


P 2 V (378.9 kPa)(0. 100 m 3 ) 


m 2 R (0.575 kg)(0.2968 kPa • m 3 /kg • K) 
The process is then one of 


= 222.0 K 


m k m k 1 

= const or 


= const 

P T 

The reduced combined first and second law becomes 
W^.- diU - T ° S) H h~T„s) dm 


rev 


dt 


dt 


when the mass balance is substituted and the entropy generation is set to zero (for maximum work production). Replacing 
the enthalpy term with the first law result and canceling the common dU/dt term reduces this to 
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d(ms) dm 

dt dt 


Expanding the first derivative and canceling the common terms further reduces this to 

jjr r ds 
Key = 7 0 '« — 
dt 

Letting a-P x ! m k and b = T { / m kl , the pressure and temperature of the nitrogen in the system are related to the mass by 

P = am k and T -bm k ~ x 
according to the first law. Then, 

dP - akm k ~ x dm and dT - b(k-\)m k ~ 2 dm 
The entropy change relation then becomes 

ds = c ^--R^- = [(k-l)c -Rk\— 

TP m 

Now, multiplying the combined first and second laws by dt and integrating the result gives 

2 2 

W rev = T 0 J mds = T {) J - 1 )c p - Rk\im 

l l 

= T 0 [(k-l)c p -Rk\m 2 -m x ) 

= (293)[(1 .4 — 1)(1.039) — (0.2968)(1 .4)](0.575 — 1.15) 

= -0.0135 kJ 

Once again the entropy generation is negative, which cannot be the case for a thermodynamically possible process. This is 
probably due to using constant specific heats for nitrogen. This sensitivity occurs because the entropy generation is very 
small in this process. 
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8-128 Steam is condensed by cooling water in the condenser of a power plant. The rate of condensation of steam and the 
rate of exergy destruction are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 


Properties The enthalpy and entropy of vaporization of water at 45°C are /zf g = 2394.0 kJ/kg and Sf g = 7.5247 kJ/kg.K 
(Table A-4). The specific heat of water at room temperature is c p = 4.18 kJ/kg. °C (Table A-3). 


Analysis {a) We take the cold water tubes as the system, which is a control volume. The energy 
balance for this steady-flow system can be expressed in the rate form as 



v 

Rate of net energy transfer 
by heat, work, and mass 


a ip ™ (steady) 

LAEj system 

V j 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 


^in — ^out 

Q m + mh x = mh 2 (since Ake = Ape = 0) 
Sin =mc p (T 2 -T x ) 


Then the heat transfer rate to the cooling water in the condenser 
becomes 


Q = [mc p (T out 


^in )] cooling 


water 


= (330 kg/s)(4. 18 kJ/kg. °C)(20°C - 12°C) 
= 1 1,035 kJ/s 


The rate of condensation of steam is determined to be 


\ 

n 


Steam 

45°C 


(E 

a 

(£ 

(E 

(s 


3 ) 

3> 

2 ) 

2) 


45°C 


iJ 

t 


20°C 


12°C 


Water 


Q = ( thh fg) steam 


Q 


steam 


h 


fg 


1 1,035 kJ/s 
2394.0 kJ/kg 


4.61 kg/s 


(b) The rate of entropy generation within the condenser during this process can be determined by applying the rate form of 
the entropy balance on the entire condenser. Noting that the condenser is well-insulated and thus heat transfer is negligible, 
the entropy balance for this steady-flow system can be expressed as 


^in ^out 


+ 


s 


gen 


= AS 


+0 (steady) 


system 


Rate of net entropy transfer Rate of entropy 
by heat and mass generation 


Rate of change 
of entropy 


m l s l + m 2 s 3 -m 2 s 2 -m 4 s 4 +S = 0 (since Q = 0) 

^ water N + ^ steam ^3 — ^ water ^ 2 ~ ^ steam ^4 ^gen — ^ 


^*gen ^ water (^2 S^ + fh 


steam 


0*4 ~S 3 ) 


Noting that water is an incompressible substance and steam changes from saturated vapor to saturated liquid, the rate of 
entropy generation is determined to be 

T 2 . T 2 . 

^gen — ™ water C p ^ ^ steam ( S f ~ s g') ~ ^ water C p ^ steam s fg 

1 1 1 1 

20 + 273 

= (330 kg/s)(4. 18 kJ/kg.K)ln -- (4.61 kg/s)(7.5247 kJ/kg.K) = 3.501 kW/K 

Then the exergy destroyed can be determined directly from its definition A destroyed = T 0 S gen to be 


^destroyed = ^gen = (285 K)(3.50 1 kW/K) = 998 kW 
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8-129 A system consisting of a compressor, a storage tank, and a turbine as shown in the figure is considered. The change 
in the exergy of the air in the tank and the work required to compress the air as the tank was being filled are to be 
determined. 


Assumptions 1 Changes in the kinetic and potential energies are negligible. 4 Air is an ideal gas with constant specific 
heats. 

Properties The properties of air at room temperature are R = 0.287 kPa-m 3 /kg-K, c p = 1.005 kJ/kg-K, c v = 0.718 kJ/kg-K, k 
= 1.4 (Table A-2a). 

Analysis The initial mass of air in the tank is 


m initial “ 


P initial ^ 
^initial 


(100 kPa)(5x 10 5 m 3 ) 
(0.287 kPa • m 3 /kg • K)(293 K) 


0.5946x 10 6 kg 


and the final mass in the tank is 


m final - 


^final 


(600 kPa)(5xl0 5 m 3 ) 
(0.287 kPa • m 3 /kg • K)(293 K) 


= 3.568x 10 6 kg 


Since the compressor operates as an isentropic device, 


T 2 = t \ 


to 


J 


The conservation of mass applied to the tank gives 
dm 


dt 


= m 


in 


while the first law gives 

d{mu) dm 


Q = 


dt 


h 


dt 



Employing the ideal gas equation of state and using constant specific heats, expands this result to 


Uc v dP ^ V dP 

c id 2 

R dt p RT dt 


Using the temperature relation across the compressor and multiplying by dt puts this result in the form 


i/c 

Qdt = — -dP-cTi 
R p 1 


'A 


(k- \)!k 


V 

RT 


dP 


When this integrated, it yields (/ and / stand for initial and final states) 


Vc k cV 

Q = —(P f -Pi) — 

R f 2k-\ R 


Pf 

( p \ 

p. 

(k-l)/k 

-Pi 


\ 1 / 



(5x 10 5 )(0.718) (600 _ 100) 1.4 (1.005)(5xl0 5 ) 



o 

o 

0.4/ 1.4 

600 

-100 


o 

o 



0.287 ' ' 2(1.4) -1 0.287 

= -6.017 xlO 8 kJ 

The negative result show that heat is transferred from the tank. Applying the first law to the tank and compressor gives 
(Q- W ouX )dt = d ( mu ) - h x dm 
which integrates to 

Q ~ Kut = ( m f u f ~ m i u i ) - h \ ( m / - m , ) 
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Upon rearrangement, 

Kut =Q + (c p -c v )T Oh f - m , ) 

= -6.017 x 10 8 + (1.005 - 0.718)(293)[(3.568 -0.5946)x 10 6 ] 

= -3.516 xIO 8 kJ 


The negative sign shows that work is done on the compressor. When the combined first and second laws is reduced to fit 
the compressor and tank system and the mass balance incorporated, the result is 


^rev = Q 


1-T 

v Trj 


d(U-T 0 S ) dm 

— + (h -T 0 s)—— 
dt 


dt 


which when integrated over the process becomes 


K sv = Q 


= Q 


i-T 
v Trj 

T n 


+ m l \(u i -h ] )-T () (s i -s x )]-m f Yu f -h x )-T 0 (s f -Sj)] 


v t rj 


+ m,[Ti(c v ~c )]- 


m 


f 


f n \ 


T f (c v - c d )-T 0 R In 


P 


f 


= -6.017 x 10 


1 


293 

293 


-3.568x10 

= 7.875x10 8 kJ 

This is the exergy change of the air stored in the tank. 


/Wv 

+ 0.5946 X 10 6 [(0.718-1.005)293] 

600 


y p ij 


(0.718 -1.005)293 + 293(0.287) In 


100 
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8-130 The air stored in the tank of the system shown in the figure is released through the isentropic turbine. The work 
produced and the change in the exergy of the air in the tank are to be determined. 

Assumptions 1 Changes in the kinetic and potential energies are negligible. 4 Air is an ideal gas with constant specific 
heats. 

Properties The properties of air at room temperature are R = 0.287 kPa-nr/kg-K, c p = 1.005 kJ/kg-K, c v = 0.718 kJ/kg-K, k 
= 1.4 (Table A-2a). 

Analysis The initial mass of air in the tank is 


m initial 


W/. (600 kPa)(5xl0 5 m 3 ) . 3 56gxlot|c 

initial (0.287 kPa-m 3 /kg-K)(293K) 


and the final mass in the tank is 


P final t/ _ (100kPa)(5xl0 s m 3 ) 
r final (0.287 kPa ■ m 3 /kg ■ K)(293 K) 


0.5946 xlO 6 kg 


The conservation of mass is 


dm 

dt 


— m 


in 


while the first law gives 

Q = d(mu)__ h 

dt 


dm 

dt 


Employing the ideal gas equation of state and using 
constant specific heats, expands this result to 

A ^ dP ^ V dP 
R dt p RT dt 

_ C V~ C P ydP 

R dt 
dt 



When this is integrated over the process, the result is (i and / stand for initial and final states) 
Q = -V(P f -P i ) = -5x 10 5 (100-600) = 2.5 xlO 8 kJ 


Applying the first law to the tank and compressor gives 
( Q - JV out )dt = d(mu) - hdm 
which integrates to 

Q ~ Kut = (m f u f - m i u i ) + h(m i - m f ) 

- W out = -Q + m j it f - m-Ui + h^m, - m ^ ) 

w ou\ =Q~ m / u f + m i u i ~ K m i ~ m f) 

= Q-m f c v T + m i c p T-c p T(m i -m f ) 

= 2.5xl0 8 - (0.5946x10 6 )(0.718)(293) + (3. 568 x 10 6 )(1.005)(293) 

- (1.005)(293)(3.568 x 10 6 - 0.5946 x 10 6 ) 

= 3.00x10 8 kJ 

This is the work output from the turbine. When the combined first and second laws is reduced to fit the turbine and tank 
system and the mass balance incorporated, the result is 
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Kev = Q 


= Q 


T„ 


= Q 


= Q 


l 

v t r j 

f rn \ 

1-2° 
v t r j 

Tr 


dt 


dt 

-( U-T 0 s ) 


dm d(u-T 0 s ) 

+ (h-T 0 s ) 


dt 


m 


dt 

ds 


dm 

dt 


V T R J 

{ rp \ 

1 - 2 ° 

V T R J 


+ (c -c v )r d ^- + mT 0 — 
dt dt 

+ {c p -c v )T^- + W T ^{P f -P i ) 
dtT 


where the last step uses entropy change equation. When this is integrated over the process it becomes 


If rev = (A 


f rp \ 

1-^ 

V T R J 


+ (c p -c v )T(m f -m i ) + V J ±(P f -P i ) 


= 3.00x10' 


1 


293 


293 


293 

V / 

= 0-2.500x10 8 -2.5xl0 8 

= -5.00 xIO 8 kJ 

This is the exergy change of the air in the storage tank. 


+ (1 .005 - 0.7 1 8)(293)(0.5946 - 3.568) x 10 +5xl0 J (100-600) 


293 
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8-131 A heat engine operates between a tank and a cylinder filled with air at different temperatures. The maximum work 
that can be produced and the final temperatures are to be determined. 

Assumptions Air is an ideal gas with constant specific heats at room temperature. 

Properties The specific heats of air are c u = 0.718 kJ/kg.K and c p = 1.005 kJ/kg.K (Table A-2). 

Analysis For maximum power production, the entropy generation must be zero. We take the tank, the cylinder (the heat 
source and the heat sink) and the heat engine as the system. Noting that the system involves no heat and mass transfer and 
that the entropy change for cyclic devices is zero, the entropy balance can be expressed as 


^in ^out 

^ j 

V 

Net entropy transfer 
by heat and mass 


+ s 


710 


gen 


Entropy 

generation 


system 

y s 

v 

Change 
in entropy 


o+s 


710 


gen 


= AS 


tank, source 


+ AS 


cylinder, sink 


+ AS 


710 


heat engine 


source + (^)sink ” 0 


J 1 (/ ^ 

me,, In —^ — mR In 2 


r, 




+ 0 + 


r t 2 p 2 ^ 

me n In mR In — 


' source 


P 


Ty 


Pi 


= 0 


7 sink 


i n 2L + Lk ln 2L = o 

T\a c v T xb 


T, 


f Tf \ 


L 


IA 


T 


K T \b J 


= 1 


k \U(k + 1) 
^ J 2 - Via 1 i b 


where T XA and Ti B are the initial temperatures of the source and the sink, 
respectively, and T 2 is the common final temperature. Therefore, the final 
temperature of the tanks for maximum power production is 

T 2 =((600K)(280K) l4 )^4 = 384.7 K 

Source: 

~ £2source,out ~ AU — MC ^ (7^ ~T\ a) ^ £?source,out \a ~ ^2 ) 

e s ource,out = v (Ti A ~ T 2 ) = (40 kg)(0.718 kJ/kg • K)(600 - 384.7)K = 6184 kJ 

Sink: 

Osink.in - ^b,out = A U -> e sink ,in = AH = me p (T 2 - T 1A ) 

£?sink,in = mcJT 2 -T lA ) = (40 kg)( 1.005 kJ/kg • K)(384.7 - 280)K = 4208 kJ 



Then the work produced becomes 

^max,out = Qh ~ Ql = 2source,out “ £?sink,in =6184- 4208 = 1977 kJ 
Therefore, a maximum of 1977 kJ of work can be produced during this process. 
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8-132E Large brass plates are heated in an oven at a rate of 300/min. The rate of heat transfer to the plates in the oven and 
the rate of exergy destruction associated with this heat transfer process are to be determined. 


Assumptions 1 The thermal properties of the plates are constant. 

2 The changes in kinetic and potential energies are negligible. 3 
The environment temperature is 75°F. 

Properties The density and specific heat of the brass are given to 
be p= 532.5 lbm/ft 3 and c p = 0.091 Btu/lbm.°F. 

Analysis We take the plate to be the system. The energy balance 
for this closed system can be expressed as 

fin ~ ^out — system 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

2in = AC/ plate = m ( U 2 ~ «1 ) = mc(T 2 - T { ) 

The mass of each plate and the amount of heat transfer to each plate is 


Oven. 1300°F 



plate. 75°F 


m = p V = P LA = (532.5 lbm/ft 3 )[(1.2 / 12 ft)(2 ft)(2 ft)] = 213 lbm 


Q m = mc(T 2 - T, ) = (213 lbm/plate)(0.091 Btu/lbm.°F)(1000 - 75)°F = 17,930 Btu/plate 
Then the total rate of heat transfer to the plates becomes 

Gtotai = ^ plate 2in, per plate = (300 plates/min) x (17,930 Btu/plate) = 5,379,000 Btu/min = 89,650 Btu/s 


We again take a single plate as the system. The entropy generated during this process can be determined by applying an 
entropy balance on an extended system that includes the plate and its immediate surroundings so that the boundary 
temperature of the extended system is at 1300°F at all times: 


where 


c _ c 

° in ° out ( 

V 

Net entropy transfer 
by heat and mass 


2m 


T, 


c 

gen 

^*5* system 

Entropy 

Change 

generation 

in entropy 

+ v 

1 ^ gen 

— ‘^5 , S y Stem 


v C — 
LJ gen 


2 m 


T, 


+ A5 


system 


^system = m{s 2 -S l ) = MC 


1 Tl 
avg ln j. 


= (213 lbm)(0.091 Btu/lbm.R) ln 


(1000 + 460) R 
(75 + 460) R 


= 19.46 Btu/R Substituting, 


s aea =- — + AS system = — 17 ,93 ° Btu + 1 9.46 Btu/R = 9.272 Btu/R (per plate) 
gen T h y 1300 + 460 R 

Then the rate of entropy generation becomes 

S gen = gen ^ ball = (9.272 Btu/R • plate)(300 plates/min) = 2781 Btu/min.R = 46.35 Btu/s. R 

The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition ^destroyed — T 0 fien ’ 

^destroyed = ^ofien = (535 R)(46.35 Btu/s.R) - 24,797 Btu/s 
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8-133 Long cylindrical steel rods are heat-treated in an oven. The rate of heat transfer to the rods in the oven and the rate of 
exergy destruction associated with this heat transfer process are to be determined. 

Assumptions 1 The thermal properties of the rods are constant. 2 The changes in kinetic and potential energies are 
negligible. 3 The environment temperature is 30°C. 

Properties The density and specific heat of the steel rods are given to be p = 7833 kg/m 3 and c p = 0.465 kJ/kg.°C. 

Analysis Noting that the rods enter the oven at a velocity of 3 m/min and exit at the same velocity, we can say that a 3-m 
long section of the rod is heated in the oven in 1 min. Then the mass of the rod heated in 1 minute is 

m = pV = pLA = pL(irD 2 / 4) = (7833 kg/m 3 )(3 m)[;r(0.1 m) 2 / 4] = 184.6 kg 

We take the 3-m section of the rod in the oven as the system. The energy balance for this closed 
system can be expressed as 

fin ~ ^out — system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Qin = AU rod = m ( U 2 ~ u \ ) = mc ( T 2 ~ T \ ) 


Substituting, 

Q m = mc(T 2 -Ti) = (1: 84.6 kg)(0.465 kJ/kg.°C)(700-30)°C = 57,5 12 kJ 

Noting that this much heat is transferred in 1 min, the rate of heat transfer to the rod becomes 

Q m — Qi n / At = (57,512kJ)/(l min) = 57,512kJ/min = 958.5 kW 

We again take the 3-m long section of the rod as the system The entropy generated during this process can be determined 
by applying an entropy balance on an extended system that includes the rod and its immediate surroundings so that the 
boundary temperature of the extended system is at 900°C at all times: 

c _ c 

° in ° out 


0in 


T, 


e 

gen 

system 

v J 

Entropy 

Change 

generation 

in entropy 

- + s g Qn 

— AS s y S t em 


V C - 

' gen 


0in 


Tu 


AS 


system 


where 


T 7QQ -I- 071 

x 2 /I OA A /Z C 1 - T /I '\jT \ 1 .... — ]^00 J kJ/K 


^system = m{s 2 -s { ) = me In — = (1 84.6 kg)(0.465 kJ/kg.K) In 


T, 


30 + 273 


Substituting, 


c - 

LJ gen 


Q 


in 


T,, 


+ AS 


57,512 kJ 


system 


(900 + 273) R 


+ 1 00. 1 kJ/K = 51.1 kJ/K 


Noting that this much entropy is generated in 1 min, the rate of entropy generation becomes 
Sgen 51.1kJ/K 


V A( 


1 min 


= 51.1 kJ/min.K = 0.852 kW/K 


The exergy destroyed during a process can be determined from an exergy balance or directly from its definition 
X = T V 

destroyed i 0° gen ’ 


^destroyed = ?+ gen = (298 K)(0.852 kW/K) = 254 kW 
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8-134 Water is heated in a heat exchanger by geothermal water. The rate of heat transfer to the water and the rate of exergy 
destruction within the heat exchanger are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 5 The environment 
temperature is 25°C. 

Properties The specific heats of water and geothermal fluid are given to be 4.18 and 4.31 kJ/kg.°C, respectively. 


Analysis ( a ) We take the cold water tubes as the system, which is 
a control volume. The energy balance for this steady-flow system 
can be expressed in the rate form as 


60°C 


-^in -^out 


a 77 *0 (steady) 

system 


-0 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

^in — E out 


Brine 

140°C 


z. 


t 

n 


u 

t 


Water 

25°C 


Q m + mh x = mh 2 (since Ake = Ape = 0) 

Qm =mc p (T 2 -T x ) 

Then the rate of heat transfer to the cold water in the heat exchanger becomes 

Qm, water = (f:,ut " fn )1 water = (0-4 kg/ S )(4. 1 8 kj/kg. °C)(60°C - 25°C) = 58.52 kW 

Noting that heat transfer to the cold water is equal to the heat loss from the geothermal water, the outlet temperature of the 
geothermal water is determined from 


0out =1 me p (Tin -Tout)] 


geo 


-A. T = T. 
^ 1 out 1 in 


Q 


out 


= 140°C 


58.52 kW 


= 94.7°C 


me 


p (0.3 kg/s)(4.31 kJ/kg. °C) 

( b ) The rate of entropy generation within the heat exchanger is determined by applying the rate form of the entropy balance 
on the entire heat exchanger: 


^in ^out 


+ 


s 


gen 


= AS 


+0 (steady) 


system 


Rate of net entropy transfer Rate of entropy 
by heat and mass generation 


Rate of change 
of entropy 


m x s x + m 3 s 3 -m 2 s 2 ~ + A gen = 0 (since Q = 0) 

^ water S 1 ^ geo ^ 3 ~ ™ water S 2~ ™ geo S 4 ^gen — ^ 

^gen — ^ water (^2 — s \ ) ^geo (^4 — ^3 ) 

Noting that both fresh and geothermal water are incompressible substances, the rate of entropy generation is determined to 
be 


^gen ^ water C p ^ j, ~*~^geo C p j, 

1 3 The exergy 

= (0.4 kg/s)(4. 1 8 kJ/kg. K) In 60 + 273 + (0.3 kg/s)(4.3 1 kJ/kg.K)ln 94 ~ 7 _ +273 = 0.0356 kW/K 

25 + 273 140 + 273 

destroyed during a process can be determined from an exergy balance or directly from its definition 2f destroyed = T 0 S gen , 
^destroyed = ^gen = (298 K)(0.0356 kW/K) - 10.61 kW 
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8-135 A regenerator is considered to save heat during the cooling of milk in a dairy plant. The amounts of fuel and money 
such a generator will save per year and the rate of exergy destruction within the regenerator are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The properties of the milk are constant. 5 The environment 
temperature is 18°C. 

Properties The average density and specific heat of milk can be taken to be yO mi i k = p water = 1 kg/L and c /; , m iik= 3.79 
kJ/kg.°C (Table A-3). 

Analysis The mass flow rate of the milk is 

'«miik = pV* n.ik = C 1 kg/L)(12L/s) = 12 kg/s = 43,200 kg/h 

Taking the pasteurizing section as the system, the energy balance for this steady-flow system can be expressed in the rate 
form as 


-^in ^out 


a 71 0 (steady) 

L ^ Cj system 


- 0 -A E m — E out 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Q m + mh x = mh 2 (since Ake = Ape = 0) 

2in =/ ^milk c p(^2 

Therefore, to heat the milk from 4 to 72°C as being done currently, heat must be transferred to the milk at a rate of 
0 current = 1™ C p (Tpasturization " ^refrigeration Wmilk = ( 12 kg/s)(3.79 kJ/kg.°C)(72 - 4)°C = 3093 kJ/s 


The proposed regenerator has an effectiveness of s = 0.82, and thus it will save 82 percent of this energy. Therefore, 
Saved = ^current = (0.82)(3093 kJ/s) = 2536 kJ /s 

Noting that the boiler has an efficiency of Pboiier = 0.82, the energy savings above correspond to fuel savings of 

Fuel Saved = - ( 2536 kJ /s ) (1 therm) = 0 , 02 9 31 therm / S 

toiler (0.82) (105,500 kJ) 


Noting that 1 year = 365x24=8760 h and unit cost of natural gas is $ 1.04/therm, the annual fuel and money savings will be 
Fuel Saved = (0.02931 therms/s)(8760x3600 s) = 924,450 therms/yr 

Money saved = (Fuelsaved)(Unit cost of fuel) = (924,450 therm/yr)($1.04/therm) = $961 ,430/yr 


The rate of entropy generation during this process is determined by applying the rate form of the entropy balance on an 
extended system that includes the regenerator and the immediate surroundings so that the boundary temperature is the 
surroundings temperature, which we take to be the cold water temperature of 18°C.: 



Rate of net entropy transfer Rate of entropy 
by heat and mass generation 


= AS 


system 


<P0 (steady) 


Rate of change 
of entropy 


-a s 


gen 




Disregarding entropy transfer associated with fuel flow, the only significant difference between the two cases is the 
reduction in the entropy transfer to water due to the reduction in heat transfer to water, and is determined to be 


S 


gen, reduction 



reduction 


Sout, reduction 


E 


surr 


= 2536 kJ/s = 8.715 kW/K 
T sun 18 + 273 


^gen, reduction = ^gen, reduction = (8-715 kJ/s.K)(8760 x 3600 s/year) = 2.75 X 10 s kJ/K (per year) 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition 2f destroyed — TqS^ qu , 


^destroyed, reduction = ^O^ge n.reductton = (291 K)(2.75 X 10 8 kJ/K) = 8.00 X 10 10 kJ (per year) 


8-136 Exhaust gases are expanded in a turbine, which is not well-insulated. Tha actual and reversible power outputs, the 
exergy destroyed, and the second-law efficiency are to be determined. 
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Assumptions 1 Steady operating conditions exist. 2 Potential energy change is 
negligible. 3 Air is an ideal gas with constant specific heats. 

Properties The gas constant ofairisi? = 0.287 kJ/kg.K and the specific heat of air at the average temperature of 
(621+521)12 = 51TC = 850 K is c p = 1 . 1 1 kJ/kg.°C (Table A-2). 

Analysis (a) The enthalpy and entropy changes of air across the turbine are Exh. gas 


Ah = c (T 2 - T { ) = ( 1 . 1 1 kJ/kg.°C)(527 - 627)°C = -111 kJ/kg 


As 1 = c „ In — - R In 


R 


R 


= (1.11 kJ/kg. K)ln (52? + 2?3) K - (0.287 kJ/kg.K) In 5 °° kPa 


(627 + 273) K ' “ ' 1200 kPa 

= 0.1205 kJ/kg.K 

The actual and reversible power outputs from the turbine are 


627°C 



“ K,out = ™ Ah + Qout = (2.5 k g /s )(- 1 1 1 kJ/k g) + 20 kW = -257.5 kW 
- JV reyout = m(Ah - T 0 As) = (2.5 kg/s)(l 1 1 kJ/kg) - (25 + 273 K)(0. 1205 kJ/kg.K) = -367.3 kW 


< out = 257.5 kW 
Jf reVi0ut = 367.3 kW 

(b) The exergy destroyed in the turbine is 

^dest = Kev ~K= 267.3 - 257.5 = 1 09.8 kW 


(c) The second-law efficiency is 


7h 


A. 

Key 


257.5 kW 
367.3 kW 


= 0.701 = 70.1% 
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8-137 Refrigerant- 134a is compressed in an adiabatic compressor, whose second-law efficiency is given. The actual work 
input, the isentropic efficiency, and the exergy destruction are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis {a) The properties of the refrigerant at the inlet of the compressor are (Tables A-l 1 through A- 13) 


^sat@ 160 kPa “ 15.60°C 


P x = 160 kPa 
T x = (-15.60 + 3)°C 


h x = 243.60 kJ/kg 
s x = 0.95153 kJ/kg.K 


1 MPa 


The enthalpy at the exit for if the process was isentropic is 

>h 2s = 282.41 kJ/kg 


P 2 = 1 MPa 



R-134a 
160 kPa 


s 2 = Sl =0.95153 kJ/kg.K 

The expressions for actual and reversible works are 
w a =h 2 -h x =(h 2 -243.60)kJ/kg 

w rev ~h 2 -h x - T 0 (s 2 -s x ) = (h 2 - 243.60)kJ/kg - (25 + 273 K)(s 2 - 0.951 53)kJ/kg.K 
Substituting these into the expression for the second-law efficiency 


w 


7h = 


rev 


->0.80 = 


w r 


h 2 -243.60 -(298)(^ 2 -0.95153) 
-243.60 


The exit pressure is given (1 MPa). We need one more property to fix the exit state. By a trial-error approach or using EES, 
we obtain the exit temperature to be 60°C. The corresponding enthalpy and entropy values satisfying this equation are 


h 2 = 293.36 kJ/kg 
s 2 = 0.98492 kJ/kg.K 


Then, 

w a =h 2 -h x = 293.36- 243.60 = 49.76kJ/kg 

w rev =h 2 -h x - T 0 (s 2 -s x ) = (293.36 - 243.60)kJ/kg - (25 + 273 K)(0.98492 - 0.9515)kJ/kg • K = 39.81 kJ/kg 

(b) The isentropic efficiency is determined from its definition 

_ h 2 s -h x _ (282.41 -243.60)kJ/kg _ Q ?QQ 
h 2 -h x (293.36 -243.60)kJ/kg 

(b) The exergy destroyed in the compressor is 

x dest “ w a -w rev = 49.76 - 39.8 1 = 9.95 kJ/kg 
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8-138 The isentropic efficiency of a water pump is specified. The actual power output, the rate of frictional heating, the 
exergy destruction, and the second-law efficiency are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis ( a ) Using saturated liquid properties at the given temperature 
for the inlet state (Table A-4) 


T, = 30°C 
x x =0 


h x = 125.82 kJ/kg 
[s x =0.4367 kJ/kg.K 


Water 
100 kPa 
30°C 
1.35 kg/s 


</ x = 0.001004 nU/kg 
The power input if the process was isentropic is 

W s = rhv x (P 2 ~ P\) = (1.35 kg/s)(0.00 1004 m 3 /kg)(4000 -100)kPa = 5.288 kW 
Given the isentropic efficiency, the actual power may be determined to be 
W. 5.288 kW 



4 MPa 


W = 

a 


7.554 kW 


f?s 0 - 70 

(b) The difference between the actual and isentropic works is the frictional heating in the pump 

emotional = K -W s =7.554 -5.288 = 2.266 kW 

(c) The enthalpy at the exit of the pump for the actual process can be determined from 

JV a =m(h 2 -h x ) > 7.554 kW = (1.35 kg/s)(/z 2 -125.82)kJ/kg > h 2 = 1 3 1 .42 kJ/kg 

The entropy at the exit is 


P 2 = 4 MPa 
h 2 =13 1.42 kJ/kg 


\s 2 =0.4423 kJ/kg.K 


The reversible power and the exergy destruction are 

W K v = m[h 2 - h\ - T 0 (s 2 - s L )] 

= (1.35 kg/s)[(13 1.42 - 125.82)kJ/kg - (20 + 273 K)(0.4423 - 0.4367)kJ/kg.K] = 5.362 kW 
X dest =fV a -fV rev =7.554 -5.362 = 2.1 93 kW 


(d) The second-law efficiency is 


dn = 



5,362 kW 
7.554 kW 


0.710 
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8-139 Argon gas is expanded adiabatically in an expansion valve. The exergy of argon at the inlet, the exergy destruction, 
and the second-law efficiency are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are zero. 3 Argon is an ideal gas 
with constant specific heats. 


Properties The properties of argon gas are R = 0.2081 kJ/kg.K, 
c p = 0.5203 kJ/kg.°C (Table A-2). 

Analysis (a) The exergy of the argon at the inlet is 

~ h\- h 0 ~T 0 (s { -s 0 ) 


-c (T x Tq) T q 


c p In — 
p T, 


0 


R In 

Po 


Argon 
3.5 MPa 
100°C 


¥ 



500 kPa 


= (0.5203 kJ/kg.K)( 100 - 25)°C - (298 K) 


(0.5203 kJ/kg.K)ln 


373 K 
298 K 


(0.208 lkJ/kg.K)ln 


3500 kPa 
100 kPa 


= 224.7 k J/kg 


(b) Noting that the temperature remains constant in a throttling process of an ideal gas, the exergy destruction is determined 
from 


x 


dest 


= T„ 


gen 


-T q (s 2 ^! ) 


= Tn 


-R In 


T 

P n 


= (298 K) 


o J 

= 120.7kJ/kg 


r 


(0.2081 kJ/kg.K)ln 


v 


500 kPa N 
3500 kPa y 


(c) The second-law efficiency is 

(224,7 -120,7)kJ/kg Q ^ 
nu 224.7 kJ/kg 
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8-140 Heat is lost from the air flowing in a diffuser. The exit temperature, the rate of exergy destruction, and the second law 
efficiency are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Potential energy change is negligible. 3 Nitrogen is an ideal gas with 
variable specific heats. 

Properties The gas constant of nitrogen is R = 0.2968 kJ/kg.K. 

Analysis {a) For this problem, we use the properties from EES software. Remember that for an ideal gas, enthalpy is a 
function of temperature only whereas entropy is functions of both temperature and pressure. At the inlet of the diffuser and 
at the dead state, we have 


T x = 1 10°C = 383 K 
P x =100 kPa 


h x = 88.39 kJ/kg 
s x =7.101 kJ/kg • K 


T x = 300K 


h 0 =1.93 kJ/kg 
s 0 =6.846 kJ/kg -K 


P x =100 kPa 
An energy balance on the diffuser gives 


h x + ^ = h 2 + Vl 


V A 

2 


88.39 kJ/kg + 


(205 m/s) 2 f 1 kJ/kg 


2 


2 / 2 


1000 m /s 


— /?') + 


2 + ^out 

(45 m/s) 2 r 


2 



1 kJ/kg 


2 / 2 


1000 m /s 


+ 2.5 kJ/kg 


*h 2 =105.9 kJ/kg 


The corresponding properties at the exit of the diffuser are 


h 2 =105.9 kJ/kg] T 2 =127°C = 400K 
P x =110 kPa j s 2 = 7. 117 kJ/kg K 


( b ) The mass flow rate of the nitrogen is determined to be 


m - p 2 A 2 V 2 - —^-A 2 V 2 - 

iyJL o 


llOkPa 


(0.2968 kJ/kg.K)(400K) 


(0.04 m 2 )(45 m/s) = 1 .669 kg/s 


The exergy destruction in the nozzle is the exergy difference between the inlet and exit of the diffuser 


^dest = m 


V? - V ? 


„ T 0 ( Sl s 2 ) 


= (1.669 kg/s) 


(88.39 -105.9)kJ/kg + 


(205 m/s) 2 -(45 m/s) 2 f 1 kJ/kg 


2/2 


1000 m z /s 


= 12.4kW 


- (300 K)(7.101 - 7.1 17)kJ/kg.K 
(c) The second-law efficiency for this device may be defined as the exergy output divided by the exergy input: 


X x =m 


V x 

h\ ~ h 0 + — — Tq(s { - s o) 


= (1.669 kg/s) 


(88.39-1.93) kJ/kg + 


(205 m/s) 


1 kJ/kg 


2/2 


1000 m z /s 


- (300 K)(7.101 - 6.846)kJ/kg.K 


= 51.96kW 
X' 


rj ii =-r~ = l 

A, 


X 


dest 


A, 


= 1 


12.4 kW 
51.96 kW 


= 0.761 = 76.1% 
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8-141 Using an incompressible substance as an example, it is to be demonstrated if closed system and flow exergies can be 
negative. 

Analysis The availability of a closed system cannot be negative. However, the flow availability can be negative at low 
pressures. A closed system has zero availability at dead state, and positive availability at any other state since we can 
always produce work when there is a pressure or temperature differential. 

To see that the flow availability can be negative, consider an incompressible substance. The flow availability can 
be written as 

V = h-h 0 +T 0 (s-s 0 ) 

= (u-u 0 ) + v(P-P 0 )+T 0 (s-s 0 ) 

= ^+v(P-P 0 ) 

The closed system availability is always positive or zero, and the flow availability can be negative when P « P 0 


8-142 A relation for the second-law efficiency of a heat engine operating between a heat source and a heat sink at specified 
temperatures is to be obtained. 


Analysis The second-law efficiency is defined as the ratio of the availability recovered 
to availability supplied during a process. The work W produced is the availability 
recovered. The decrease in the availability of the heat supplied Q H is the availability 
supplied or invested. 

Therefore, 


mi = 


W 


_Tl 

V T H J 


Qh- 


Tn 


V t lj 


(Qh-W) 


Note that the first term in the denominator is the availability of heat supplied to the heat 
engine whereas the second term is the availability of the heat rejected by the heat 
engine. The difference between the two is the availability consumed during the 
process. 


Source 



W 
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8-143 Writing energy and entropy balances, a relation for the reversible work is to be obtained for a closed system that 
exchanges heat with surroundings at T 0 in the amount of Qo as well as a heat reservoir at temperature Tr in the amount Q R . 

Assumptions Kinetic and potential changes are negligible. 

Analysis We take the direction of heat transfers to be to the system (heat input) and the direction of work transfer to be 
from the system (work output). The result obtained is still general since quantities wit opposite directions can be handled 
the same way by using negative signs. The energy and entropy balances for this stationary closed system can be expressed 
as 


Energy balance: E m - E out ~ system Qo + Qr ~ U 2 ~U \ 


Entropy balance: S [n -S out +S gen =AS system -> S gen =(S 2 -S x ) 


Solving for Q 0 from (2) and substituting in (1) yields 


W = (U l -U 2 )-T 0 (S l -S 2 )-Q R 


{ rp \ 

i-E 
v Trj 


T(iSgen 


The useful work relation for a closed system is obtained from 


W =W-W 

rr u rr rr surr 


>W=U 1 -U 2 +Q 0 +Q r (1) 


~Qr | Qo 
Tr T 0 


(2) 



= (U l -U 2 )-T 0 (S l 


-s 2 )-Q r 


Tr 


T 


^O^gen 


R 7 


-PoM-VO 


Then the reversible work relation is obtained by substituting .S'„ C n = 0 


W iev =(U l - U 2 )-T 0 (S l -S 2 ) + P 0 ( t/i -l ' 2 )-Qr 


Tr 


V Trj 


A positive result for W rev indicates work output, and a negative result work input. Also, the (Jr is a positive quantity for heat 
transfer to the system, and a negative quantity for heat transfer from the system. 
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8-144 Writing energy and entropy balances, a relation for the reversible work is to be obtained for a steady-flow system 
that exchanges heat with surroundings at T 0 at a rate of Q 0 as well as a heat reservoir at temperature T R in the amount 

Qr ■ 

Analysis We take the direction of heat transfers to be to the system (heat input) and the direction of work transfer to be 
from the system (work output). The result obtained is still general since quantities wit opposite directions can be handled 
the same way by using negative signs. The energy and entropy balances for this stationary closed system can be expressed 


Energy balance: E in -E out =A£ system E in = £ out 

2 2 

Qo+Qr -W = Z.m e (h e +^y + gz e )-'Lm i (h i +^Y+gz i ) 

2 2 

or w = Zm i (h i +^ + gz i )-Z l m e (h e + J ^ + gz e ) + Q 0 +Q R (1) 

Entropy balance: 

^ in — ^out ^gen — system — ^ 

S’ — V - V 
° gen ° out ° in 



System 


s gm = Z m e s e - Z riijSi + + -Q- 


Solving for Q 0 from (2) and substituting in (1) yields 


w = Z m t (/?, + -g- + gz t - T 0 s t ) - Z m e (h e +-*- + gz e -T 0 s e )~ T 0 S een -Q R 1 - 


Then the reversible work relation is obtained by substituting S gen = 0, 


Kcv = z fhj {hi + - 1 - + gz, -T 0 Si)~ Z m e (h e +-^- + gz e - T 0 s e )-Q R 1 - 


A positive result for W rev indicates work output, and a negative result work input. Also, the Q R is a positive quantity for heat 
transfer to the system, and a negative quantity for heat transfer from the system. 
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8-145 Writing energy and entropy balances, a relation for the reversible work is to be obtained for a uniform- flow system 
that exchanges heat with surroundings at To in the amount of Q 0 as well as a heat reservoir at temperature Tr in the amount 

Gr- 

Assumptions Kinetic and potential changes are negligible. 

Analysis We take the direction of heat transfers to be to the system (heat input) and the direction of work transfer to be 
from the system (work output). The result obtained is still general since quantities wit opposite directions can be handled 
the same way by using negative signs. The energy and entropy balances for this stationary closed system can be expressed 
as 

Energy balance: E m -E ont =A£’ systcm 

2 2 

Qo+QR-W = lLm e (he +^y + gz e )-Xm i (h i +^- + gz i ) + (U 2 ~U X ) CV 


or, 


2 2 

W = 'Lm i (h i + ] ~Y + gz i )-lLm e (h e +^- + gz e )-(U 2 ~U X ) cv + g 0 + Qr (1) 


Entropy balance: S m - S out + S gen = A S system 


Sgen = ( 5 2 - 5 l)cv + S m g S e ~ Z + 


Qr , Qo 


T l 


Tn 


(2) 


R ^0 

Solving for Q 0 from (2) and substituting in (1) yields 


V 1 V 1 

W = E m, + gZj - T 0 Si ) - Z m e (h e +^~ + gz e -T 0 s e ) 


+[(U l -U 2 ) — T 0 (S l -S 2 )] cv -T 0 S gen -Q r 


1 


Tr 


Tr 


V R J 



The useful work relation for a closed system is obtained from 

V 2 V 2 

W u =w- W SUIT = Z m t (h t + -y- + gZi - T 0 s i ) - Z m e (h e +^- + gz e - T 0 s e ) 


+[(£/, -U 2 )-T 0 (S t -5 2 )] cv -r 0 5 gen -Q r 


1 


Tr 




V X R J 


T t 


-PoVi-V,) 


Then the reversible work relation is obtained by substituting S„ en = 0, 


V 1 V 1 

IV wv = Z mi (hi + ~Y + gZi -T 0 Sj)~ Z m e (h e +^~ + gz e ~ T 0 s e ) 


+[(U l -U 2 )-T 0 (S l -S 2 ) + P 0 (V l - 1/ 2 )] cv - Q r 


1 


Tr 


T, 


V R J 


A positive result for W rev indicates work output, and a negative result work input. Also, the Q R is a positive quantity for heat 
transfer to the system, and a negative quantity for heat transfer from the system. 
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Fundamentals of Engineering (FE) Exam Problems 


8-148 


8-146 Heat is lost through a plane wall steadily at a rate of 800 W. If the inner and outer surface temperatures of the wall 
are 20°C and 5°C, respectively, and the environment temperature is 0°C, the rate of exergy destruction within the wall is 

(a) 40 W (b) 17,500 W (c) 765 W (d) 32,800 W (e) 0 W 

Answer (a) 40 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Q=800 "W" 

T1=20 "C" 

T2=5 "C" 

To=0 "C" 

"Entropy balance SJn - S_out + S_gen= DS_system for the wall for steady operation gives" 

Q/(T1 +273)-Q/(T2+273)+S_gen=0 "W/K" 

X_dest=(To+273)*S_gen "W" 

"Some Wrong Solutions with Common Mistakes:" 

Q/T1-Q/T2+Sgen1=0; W1_Xdest=(To+273)*Sgen1 "Using C instead of K in Sgen" 
Sgen2=Q/((T1+T2)/2); W2_Xdest=(To+273)*Sgen2 "Using avegage temperature in C for Sgen" 
Sgen3=Q/((T1+T2)/2+273); W3_Xdest=(To+273)*Sgen3 "Using avegage temperature in K" 
W4_Xdest=To*S_gen "Using C for To" 


8-147 Liquid water enters an adiabatic piping system at 15°C at a rate of 3 kg/s. It is observed that the water temperature 
rises by 0.3°C in the pipe due to friction. If the environment temperature is also 15°C, the rate of exergy destruction in the 
pipe is 

(a) 3.8 kW (b) 24 kW (c) 72 kW (d) 98 kW (e) 124 kW 

Answer (a) 3.8 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Cp=4.1 8 "kJ/kg.K" 
m=3 "kg/s" 

T1 =1 5 "C" 

T2=15.3 "C" 

To=15 "C" 

S_gen=m*Cp*ln((T2+273)/(T 1 +273)) "kW/K” 

X_dest=(To+273)*S_gen "kW" 

"Some Wrong Solutions with Common Mistakes:" 
W1_Xdest=(To+273)*m*Cp*ln(T2/T1) "Using deg. C in Sgen" 
W2_Xdest=To*m*Cp*ln(T2/T1) "Using deg. C in Sgen and To" 
W3_Xdest=(To+273)*Cp*ln(T2/T1) "Not using mass flow rate with deg. C" 
W4_Xdest=(To+273)*Cp*ln((T2+273)/(T1 +273)) "Not using mass flow rate with K" 
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8-149 


8-148 A heat engine receives heat from a source at 1500 K at a rate of 600 kJ/s and rejects the waste heat to a sink at 300 K. 
If the power output of the engine is 400 kW, the second-law efficiency of this heat engine is 

(a) 42% (b) 53% (c) 83% (d) 67% (e) 80% 

Answer (c) 83% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Qin=600 "kJ/s" 

W=400 "kW" 

TL=300 "K" 

TH=1500 "K" 

Eta_rev=1 -TL/TH 

Eta_th=W/Qin 

EtaJ I = Eta_th/Eta_rev 

"Some Wrong Solutions with Common Mistakes:" 

W1_Eta_ll=Eta_th1/Eta_rev; Eta_th1=1-W/Qin "Using wrong relation for thermal efficiency" 
W2_Eta_ll=Eta_th "Taking second-law efficiency to be thermal efficiency" 

W3_Eta_ll=Eta_rev "Taking second-law efficiency to be reversible efficiency" 
W4_Eta_ll=Eta_th*Eta_rev "Multiplying thermal and reversible efficiencies instead of dividing" 


8-149 A water reservoir contains 100 tons of water at an average elevation of 60 m. The maximum amount of electric 
power that can be generated from this water is 

(a) 8 kWh (b) 16 kWh (c) 1630 kWh (d) 16,300 kWh (e) 58,800 kWh 

Answer (b) 16 kWh 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


m=1 00000 "kg" 
h=60 "m" 
g=9.81 "m/s A 2" 

"Maximum power is simply the potential energy change," 
W_max=m*g*h/1 000 "kJ" 

W_max_kWh=W_max/3600 "kWh" 

"Some Wrong Solutions with Common Mistakes:" 

W1_Wmax =m*g*h/3600 "Not using the conversion factor 1000" 
W2_Wmax =m*g*h/1000 "Obtaining the result in kJ instead of kWh" 
W3_Wmax =m*g*h*3.6/1000 "Using worng conversion factor" 
W4_Wmax =m*h/3600"Not using g and the factor 1000 in calculations" 
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8-150 


8-150 A house is maintained at 21°C in winter by electric resistance heaters. If the outdoor temperature is 9°C, the second- 
law efficiency of the resistance heaters is 

(a) 0% (b) 4.1% (c) 5.7% (d) 25% (e) 100% 

Answer (b)4.1% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


TL=9+273 "K" 

TH=21 +273 "K" 

To=TL 

COP_rev=TH/(TH-TL) 

COP=1 

Eta_ll=COP/COP_rev 

"Some Wrong Solutions with Common Mistakes:" 

W1_EtaJI=COP/COP_rev1 ; COP_rev1 =TL/(TH-TL) "Using wrong relation for COP_rev" 
W2_EtaJI=1-(TL-273)/(TH-273) "Taking second-law efficiency to be reversible thermal efficiency with C for 
temp" 

W3_EtaJI=COP_rev "Taking second-law efficiency to be reversible COP" 

W4_EtaJI=COP_rev2/COP; COP_rev2=(TL-273)/(TH-TL) "Using C in COP_rev relation instead of K, and 
reversing" 


8-151 A 10-kg solid whose specific heat is 2.8 kJ/kg.°C is at a uniform temperature of -10°C. For an environment 
temperature of 25°C, the exergy content of this solid is 

(a) Less than zero (b) 0 kJ (c) 22.3 kJ (d) 62.5 kJ (e) 980 kJ 

Answer (d) 62.5 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


m=10 "kg" 

Cp=2.8 "kJ/kg.K" 

T1 =-10+273 "K" 

To=25+273 "K" 

"Exergy content of a fixed mass is x1=u1-uo-To*(s1-so)+Po*(v1-vo)" 
ex=m*(Cp*(T1 -To)-To*Cp*ln(T1 /To)) 

"Some Wrong Solutions with Common Mistakes:" 

W1_ex=m*Cp*(To-T1) "Taking the energy content as the exergy content" 
W2_ex=m*(Cp*(T1-To)+To*Cp*ln(T1/To)) "Using + for the second term instead of -" 
W3_ex=Cp*(T1-To)-To*Cp*ln(T1/To) "Using exergy content per unit mass" 
W4_ex=0 "Taking the exergy content to be zero" 
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8-151 


8-152 Keeping the limitations imposed by the second-law of thermodynamics in mind, choose the wrong statement below: 

(a) A heat engine cannot have a thermal efficiency of 100%. 

(b) For all reversible processes, the second-law efficiency is 100%. 

(c) The second-law efficiency of a heat engine cannot be greater than its thermal efficiency. 

(d) The second-law efficiency of a process is 100% if no entropy is generated during that process. 

(e) The coefficient of performance of a refrigerator can be greater than 1 . 

Answer (c) The second-law efficiency of a heat engine cannot be greater than its thermal efficiency. 


8-153 A furnace can supply heat steadily at a 1300 K at a rate of 500 kJ/s. The maximum amount of power that can be 
produced by using the heat supplied by this furnace in an environment at 300 K is 

(a) 1 15 kW (b) 192 kW (c) 385 kW (d) 500 kW (e) 650 kW 

Answer (c) 385 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Q_in=500 "kJ/s" 

TL=300 "K" 

TH=1300 "K" 

W_max=Q_in*(1 -TL/TH) "kW" 

"Some Wrong Solutions with Common Mistakes:" 

W1_Wmax=W_max/2 "Taking half of Wmax" 

W2_Wmax=Q_in/(1 -TL/TH) "Dividing by efficiency instead of multiplying by it" 
W3_Wmax =Q_in*TL/TH "Using wrong relation" 

W4_Wmax=Q_in "Assuming entire heat input is converted to work" 
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8-152 


8-154 Air is throttled from 50°C and 800 kPa to a pressure of 200 kPa at a rate of 0.5 kg/s in an environment at 25°C. The 
change in kinetic energy is negligible, and no heat transfer occurs during the process. The power potential wasted during 
this process is 

(a) 0 (b) 0.20 kW (c) 47 kW (d) 59 kW (e) 1 19 kW 

Answer (d) 59 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


R=0.287 "kJ/kg.K" 

Cp= 1.005 "kJ/kg.K" 
m=0.5 "kg/s" 

T1 =50+273 "K" 

PI =800 "kPa" 

To=25 "C" 

P2=200 "kPa" 

"Temperature of an ideal gas remains constant during throttling since h=const and h=h(T)" 
T2=T1 

ds=Cp*ln(T2/T1 )-R*ln(P2/P1 ) 

X_dest=(To+273)*m*ds "kW" 

"Some Wrong Solutions with Common Mistakes:" 

W1_dest=0 "Assuming no loss" 

W2_dest=(To+273)*ds "Not using mass flow rate" 

W3_dest=To*m*ds "Using C for To instead of K" 

W4_dest=m*(P1-P2) "Using wrong relations" 
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8-153 


8-155 Steam enters a turbine steadily at 4 MPa and 400°C and exits at 0.2 MPa and 150°C in an environment at 25°C. The 
decrease in the exergy of the steam as it flows through the turbine is 

(a) 58 kJ/kg (b) 445 kJ/kg (c) 458 kJ/kg (d)518kJ/kg (e) 597 kJ/kg 

Answer (e) 597 kJ/kg 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PI =4000 "kPa" 

T1=400 "C" 

P2=200 "kPa" 

T2=150 "C" 

To=25 "C" 

hi =ENTHALPY(Steam_IAPWS,T=T1 ,P=P1 ) 
si =ENTROPY(SteamJAPWS,T=T1 ,P=P1 ) 
h2=ENTHALPY(Steam_IAPWS,T=T2,P=P2) 
s2=ENTROPY(SteamJAPWS,T=T2,P=P2) 

"Exergy change of s fluid stream is Dx=h2-h1-To(s2-s1)" 

-Dx=h2-h1 -(To+273)*(s2-s1 ) 

"Some Wrong Solutions with Common Mistakes:" 

-W1_Dx=0 Assuming no exergy destruction" 

-W2_Dx=h2-h1 "Using enthalpy change" 

-W3_Dx=h2-h1 -To*(s2-s1 ) "Using C for To instead of K" 
-W4_Dx=(h2+(T2+273)*s2)-(h1+(T1 +273)*s1) "Using wrong relations for exergy" 


8- 156 ... 8- 160 Design and Essay Problems 
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Chapter 9 

GAS POWER CYCLES 
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Actual and Ideal Cycles, Carnot cycle, Air-Standard Assumptions, Reciprocating Engines 


9-2 


9-1C It is less than the thermal efficiency of a Carnot cycle. 


9-2C It represents the net work on both diagrams. 


9-3C The air standard assumptions are: (1) the working fluid is air which behaves as an ideal gas, (2) all the processes are 
internally reversible, (3) the combustion process is replaced by the heat addition process, and (4) the exhaust process is 
replaced by the heat rejection process which returns the working fluid to its original state. 


9-4C The cold air standard assumptions involves the additional assumption that air can be treated as an ideal gas with 
constant specific heats at room temperature. 


9-5C The clearance volume is the minimum volume formed in the cylinder whereas the displacement volume is the volume 
displaced by the piston as the piston moves between the top dead center and the bottom dead center. 


9-6C It is the ratio of the maximum to minimum volumes in the cylinder. 


9-7C The MEP is the fictitious pressure which, if acted on the piston during the entire power stroke, would produce the 
same amount of net work as that produced during the actual cycle. 


9-8C Yes. 


9-9C Assuming no accumulation of carbon deposits on the piston face, the compression ratio will remain the same 
(otherwise it will increase). The mean effective pressure, on the other hand, will decrease as a car gets older as a result of 
wear and tear. 


9-10C The SI and Cl engines differ from each other in the way combustion is initiated; by a spark in SI engines, and by 
compressing the air above the self-ignition temperature of the fuel in Cl engines. 
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9-3 


9-11C Stroke is the distance between the TDC and the BDC, bore is the diameter of the cylinder, TDC is the position of 
the piston when it forms the smallest volume in the cylinder, and clearance volume is the minimum volume formed in the 
cylinder. 


9-12E The maximum possible thermal efficiency of a gas power cycle with specified reservoirs is to be determined. 
Analysis The maximum efficiency this cycle can have is 


*7 th, Carnot 


T L (40 + 460) R 
T h ~ (940 + 460) R 


0.643 
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9-4 


9-13 An air-standard cycle executed in a piston-cylinder system is composed of three specified processes. The cycle is to be 
sketcehed on the P- c/and T-s diagrams and the back work ratio are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air are given as R = 0.287 kPa-m 3 /kg-K, c p = 1.005 kJ/kg-K, = 0.718 kJ/kg-K, and k = 

1.4. 


Analysis (a) The P- c/and T-s diagrams of the cycle are shown in the figures, 
(b) Process 1-2: Isentropic compression 


w l-2 ,in = mc v ( T 2 ~ T \ ) 

( Y -1 

T 2 =T { — =T^r kx 

) 


Process 2-3: Constant pressure heat addition 

3 

w 2-3, out = j* Pdv “ ^2 (^3 ~^2 ) “ OlR(T 3 - T 2 ) 
2 



The back work ratio is 



Substituting these into back work relation, 

R 1 T 2 {\-T x /T 2 ) 
rbw ~ k-\H 77(r 3 /r 2 -i) 



1.4-1 6-1 

= 0.256 
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9-5 


9-14 The three processes of an air-standard cycle are described. The cycle is to be shown on the P- i/and T-s diagrams, and 
the back work ratio and the thermal efficiency are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air are given as R = 0.287 kJ/kg.K, c p = 1.005 kJ/kg.K, c v = 0.718 kJ/kg-K, and 
k= 1.4. 

Analysis (a) The P- c/and T-s diagrams of the cycle are shown in the figures. 

(b) The temperature at state 2 is 

T 2 =T x ^- = (300 K) 700 kPa = 2100 K 
P, 100 kPa 


T 3 = T 2 = 2100 K 
During process 1-3, we have 


i 

h'3 =-\pdv= -p, a/, -c/ 3 )= -m - h ) 

3 

= -(0.287 kJ/kg • K)(300 - 2100)K = 516.6 kJ/kg 
During process 2-3, we have 


w 2-3, out ~ 


3 3 


— dv = RT In = RT In 

V ^2 ^2 


= PTln7 


= (0.287 kJ/kg • K)(2100)Kln7 = 1 172.8 kJ/kg 
The back work ratio is then 


rt ,,-^d£L. 51&6tJ/kg _p 440 
1 1 72.8 kJ/kg 

Heat input is determined from an energy balance on the cycle during 
process 1-3, 

#1 -3,m “ w 2-3, out — AUi -3 

<h-3, in- = Au I- 3 + w 2-3,out 

= c v (T 3 -T { ) + w 2 _ 3out 

= (0.718 kJ/kg • K)(2100 - 300) + 1 172.8 kJ/kg 
= 2465 kJ/kg 

The net work output is 

w net= w 2-3,out ~ w 3-l,in = 1 172.8 - 5 16.6 = 656.2 kJ/kg 


(c) The thermal efficiency is then 


7th = 


w 


net 




in 


656.2 kJ 
2465 kJ 


= 0.266 = 26.6% 


P 


A 



> ^ 
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9-15 The three processes of an ideal gas power cycle are described. The cycle is to be shown on the P- i/and T-s diagrams, 
and the maximum temperature, expansion and compression works, and thermal efficiency are to be determined. 

Assumptions 1 Kinetic and potential energy changes are negligible. 2 The ideal gas has constant specific heats. 

Properties The properties of ideal gas are given as R = 0.3 kJ/kg.K, c p = 0.9 kJ/kg.K, c„ = 0.6 kJ/kg-K, and 

k= 1.5. 


Analysis (a) The P- i/and T-s diagrams of the cycle are shown in the figures, 
(b) The maximum temperature is determined from 


^max ~ ^2 “ 


V^2 , 


= T,r k ~ l = (27 + 273 K)(6) 1-5-1 


734.8 K 


(c) An energy balance during process 2-3 gives 

#2-3, in - w 2-3, out = ^ u 2-3 “ c v C^3 ~ ^2 ) = 0 since T 3 = T 2 
# 2-3, in ^2—3 ,out 


Then, the work of compression is 

3 3 


92-3.6, = ^2-3 ,ou, = { p dv = | = RT 2 In ^ = RT 2 In r 

2 2 2 
= (0.3 kJ/kg • K)(734.8 K)ln6 = 395.0 kJ/kg 


(d) The work during isentropic compression is determined from an energy 
balance during process 1-2: 

W 1-2, in = ^ u \-2 = C y (T 2 ~T x ) 

= (0.6 kJ/kg • K)(734.8 - 300) 

= 260.9 kJ/kg 




(e) Net work output is 

Wnet = W 2-3, out ~ ™l-2, in = 395 -° " 260 - 9 = 134.1 kJ/kg 


The thermal efficiency is then 
w net 134.1 kJ 

#th — — 

q in 395.0 kJ 


= 0.339 = 33.9% 
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9-7 


9-16 The four processes of an air-standard cycle are described. The cycle is to be shown on P- c/and T-s diagrams, and the 
net work output and the thermal efficiency are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 

Properties The properties of air are given in Table A- 17. 


Analysis ( b ) The properties of air at various states are 


T x = 295 K 


h x = 295.17 kJ/kg 

P r =1.3068 

r \ 



h 

p 


p. 


600 kPa 
100 kPa 


(1.3068) = 7.841 


r 3 = 1500 K 


u 3 =1205.41 kJ/kg 
P, =601.9 

r 3 


u 2 =352.29 kJ/kg 
T 2 = 490.3 K 



^ 3^3 _ 

h t 2 


— P 2 = 1500 K (600 kPa)= 1835.6 kPa 
T 2 490.3 K v 7 


P = — P r = - 100 kPa - (601.9) = 32.79 >h 4 = 739.71 kJ/kg 

4 P 3 3 1835.6 kPa v y 


From energy balances, 


q m = u 3 -u 2 =1205.41 -352.29 = 853.1 kJ/kg 


q oui =h 4 -h x =739.71-295.17 = 444.5 kJ/kg 



^ net, out = ?in “ '/out = 853.1 - 444.5 = 408.6 kJ/kg 


(c) Then the thermal efficiency becomes 


^net,out 

*7th = 

^in 


408.6 kJ/kg 
853.1 kJ/kg 


= 0.479 = 47.9% 
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9-8 


9-17 



Problem 9-16 is reconsidered. The effect of the maximum temperature of the cycle on the net work output and 


thermal efficiency is to be investigated. Also, T-s and P-v diagrams for the cycle are to be plotted. 
Analysis Using EES, the problem is solved as follows: 


"Input Data" 

T[1]=295 [K] 

P[1]=100 [kPa] 

P[2] = 600 [kPa] 

T[3]= 1 500 [K] 

P[4] = 100 [kPa] 

"Process 1-2 is isentropic compression" 

s[1]=entropy(air,T=T[1],P=P[1]) 

s[2]=s[1] 

T[2]=temperature(air, s=s[2], P=P[2]) 

P[2]*v[2]/T[2]=P[1 ]*v[1 ]/T[1 ] 

P[1 ]*v[1 ]=R*T[1 ] 

R=0.287 [kJ/kg-K] 

"Conservation of energy for process 1 to 2" 
q_12 -w_12 = DELTAu_12 
q_12 =0"isentropic process" 

DELTAu_1 2=intenergy(air,T =T[2])-intenergy(air,T =T[1 ]) 

"Process 2-3 is constant volume heat addition" 
s[3]=entropy(air, T=T[3], P=P[3]) 
{P[3]*v[3]/T[3]=P[2]*v[2]/T[2]} 

P[3]*v[3]=R*T[3] 

v[3]=v[2] 

"Conservation of energy for process 2 to 3" 

q_23 -w_23 = DELTAu_23 

w_23 =0"constant volume process" 

DELTAu_23=intenergy(air,T=T[3])-intenergy(air,T=T[2]) 

"Process 3-4 is isentropic expansion" 

s[4]=entropy(air,T=T[4],P=P[4]) 

s[4]=s[3] 

P[4]*v[4]/T[4]=P[3]*v[3]/T[3] 

{P[4]*v[4]=0.287*T[4]} 

"Conservation of energy for process 3 to 4" 
q_34 -w_34 = DELTAu_34 
q_34 =0"isentropic process" 

DELTAu_34=intenergy(air,T=T[4])-intenergy(air,T=T[3]) 

"Process 4-1 is constant pressure heat rejection" 
{P[4]*v[4]/T[4]=P[1 ]*v[1 ]/T[1 ]} 

"Conservation of energy for process 4 to 1" 

q_41 -w_41 = DELTAu_41 

w_41 =P[1]*(v[1]-v[4]) "constant pressure process" 

DELTAu_41=intenergy(air,T=T[1])-intenergy(air,T=T[4]) 

q_in_total=q_23 

wnet = w12+w23+w34+w41 

Eta_th=w_net/qjn_total*100 "Thermal efficiency, in percent" 
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V total [ kJ/k 9] 11 th 
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T 3 

[K1 

Tlth 

C| in, total 

[kJ/kql 

w net 

[kJ/kgl 

1500 

47.91 

852.9 

408.6 

1600 

48.31 

945.7 

456.9 

1700 

48.68 

1040 

506.1 

1800 

49.03 

1134 

556 

1900 

49.35 

1229 

606.7 

2000 

49.66 

1325 

658.1 

2100 

49.95 

1422 

710.5 

2200 

50.22 

1519 

763 

2300 

50.48 

1617 

816.1 

2400 

50.72 

1715 

869.8 

2500 

50.95 

1813 

924 



T[3] [K] 



T[3] [K] 
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P [kPa] T [K] w net [kJ/kg] 
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T[3] [K] 


?nnn 


Air 
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9-18 The three processes of an air-standard cycle are described. The cycle is to be shown on P-v and T-s diagrams, and the 
heat rejected and the thermal efficiency are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg.K, c v = 0.718 kJ/kg-K, and k = 1.4 (Table A- 

2). 


Analysis (b) The temperature at state 2 and the heat input are 

\ 0.4/1. 4 


L = T t 


r p \ M/* 




= (300 k)[ 


1000 kPa 


= 579.2 K 


\ 100 kPa 
Qin = m ( h 3 - h l)= mC p (T 3 —T 2 ) 

2.76 kJ = (0.004 kgXl.005 kJ/kg • -579.2) > T 3 = 1266 K 

Process 3-1 is a straight line on the P-v diagram, thus the W31 is 
simply the area under the process curve, 


w 3 | = area = 




RT X RT 3 


V Px 


f 1000 + 100 kPa^l 

' 300 K 

1266 K ' 

l 2 J 

[lOO kPa 

1000 kPa J 


P 3 J 

(0.287 kJ/kg • K) 


= 273.7 kJ/kg 

Energy balance for process 3-1 gives 




E m ~ E ont = ^system >“231, out “^31, out = m(ll \ ~ U i) 

2 3 i.out = -» w 3i.out -mc v (T x -T 3 ) = -m[w 31out +c v {j x -T 3 )] 

= -(0.004 kg)[273.7 + (0.718 kJ/kg • K)(300 - 1266 )k] = 1.679 kJ 


(c) The thermal efficiency is then 


*7th 


= 1 


Q 


out 


Gin 


1.679 kJ 
2.76 kJ 


= 39.2% 
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9-19E The four processes of an air-standard cycle are described. The cycle is to be shown on P- c/and T-s diagrams, and 
the total heat input and the thermal efficiency are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 

Properties The properties of air are given in Table A-17E. 

Analysis ( b ) The properties of air at various states are 

T x = 540 R >u x = 92.04 Btu/lbm, h x = 129.06 Btu/lbm 

u 2 =^i+<2m,i2 =92.04 + 300 = 392.04 Btu/lbm 


9 m , 12 ~ U 2 U \ 


T 2 = 2116R, h 2 =537.1 Btu/lbm 


^ 2 U 2 


P x v x 


t 2 t x 


77 = 3200 R 


+ = 


77 


r, 


Pl = 


2116 R 
540 R 


(l4.7 psia) = 57.6 psia 



h 3 = 849.48 Btu/lbm 
P„ =1242 


P.. = 


Pa 

P, 


14 7 * 

P r = ' PSm (1242)= 317.0 > h 4 = 593.22 Btu/lbm 


3 57.6 psia 

From energy balance, 

q 23in =h 3 -h 2 =849.48-537.1 = 312.38 Btu/lbm 
9in “912, in +923, in = 300 + 3 12.38 = 612.38 Btu/lbm 
q om =h 4 -h x =593.22-129.06 = 464.16 Btu/lbm 

(c) Then the thermal efficiency becomes 



9 th =! 


9 


out 


= 1 


9i 


in 


464.16Btu/lbm 

612.38Btu/lbm 


= 24.2% 
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9-20E The four processes of an air-standard cycle are described. The cycle is to be shown on P- c/and T-s diagrams, and 
the total heat input and the thermal efficiency are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 0.240 Btu/lbm.R, c v =0.171 Btu/lbm.R, and k = 1.4 (Table 
A-2E). 


Analysis ( b ) The temperature at state 2 and the heat input are 

9m ,12 = u 2 ~ u \= c v (T 2 ~ T \) 

300 Btu/lbm = (0.171 Btu/lbm.R)(r 2 -540)R 
T 2 = 2294 R 


^ 2^2 
T \ 


P\V\ 

p 


*p 2 = 




P 


Pi = 


2294 R 
540 R 


(l4.7 psia) = 62.46 psia 



9in,23 = h 3~ h 2 =c P (r 3 -r 2 )=(0.24Btu/lbm-RX3200-2294)R = 217.4 Btu/lbm 


Process 3-4 is isentropic: 


T 4 = T 3 


^ Pa ^ 


V P 3 J 




= (3200 R f#l= 


n 0.4/ 1.4 


= 2117 R 


62.46 psia 


q ^ = g in?12 + q m ,23 = 300 + 217.4 = 517.4 Btu/lbm 

q out =h 4 -h 1 =c p (r 4 -7’ 1 ) = (0.240 Btu/lbm.RX21 17-540) =378.5 Btu/lbm 


(c) The thermal efficiency is then 

,i-^,i - 3785 B « |/ibm , 26 . 8% 

517.4 Btu/lbm 
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9-21 A Carnot cycle with the specified temperature limits is considered. The net work output per cycle is to be determined. 
Assumptions Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg.K, c v = 0.718 kJ/kg-K, R = 0.287 kJ/kg.K, and 
k = 1.4 (Table A-2). 


Analysis The minimum pressure in the cycle is _P 3 and the maximum pressure is P\. Then, 



T ^ P 1888 kPa 

s, -s, = c „ In — - Mn — = -(0.287 kJ/kg • K)ln = 0.1329 kJ/kg • K 

" p T x P\ 3000 kPa 

Q. n = m T H (s 2 - 5^ = (0.6 kg)(l 100 K)(0.1329 kJ/kg • K)= 87.73 kJ 

Then, 

T 800 K 

n th = 1 - — = 1 = 0.7273 = 72.7% 

t h hook 

Wnct.out =(0.7273)(87.73kJ)=63.8 kJ 
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9-22 A Carnot cycle executed in a closed system with air as the working fluid is considered. The minimum pressure in the 
cycle, the heat rejection from the cycle, the thermal efficiency of the cycle, and the second-law efficiency of an actual cycle 
operating between the same temperature limits are to be determined. 

Assumptions Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperatures are R = 0.287 kJ/kg.K and k = 1.4 (Table A-2). 

Analysis ( a ) The minimum temperature is determined from 

= (s 2 -SiX^H -T l ) >100 kJ/kg = (0.25 kJ/kg • K)(750 - T L )K >T L =350K 


w 


net 


The pressure at state 4 is determined from 


h 

7\ 


f P N 


\ P A J 


(k~\)/k 


or 


p,=p 4 


k/(k-\) 


800 kPa = P 4 


r T \ 

V r 4 J 

r 150 K^ 1 ' 470 ’ 4 


350 K 


>P 4 =110.1kPa 


The minimum pressure in the cycle is determined from 


j <^o p 

As 12 = -A^34 = C P ln A - ^ ln -4 

1 3 V3 


- 0.25 kJ/kg • K = -(0.287 kJ/kg • K)ln 


110.1 kPa 


A 


(b) The heat rejection from the cycle is 

4out = T L As n = (350 K)(0.25 kJ/kg.K) = 87.5 kJ/kg 

(c) The thermal efficiency is determined from 


7th =1 


T 


L 


= 1 


350 K 


= 0.533 


T h 750 K 


( d) The power output for the Carnot cycle is 

^Carnot = = ( 90 k g /s )( 1 00 kJ/k g) = "00 kW 

Then, the second-law efficiency of the actual cycle becomes 


7n = 


W. 


actual 


w, 


Carnot 


5200 kW 
9000 kW 


= 0.578 


750 K- 



=46.1kPa 
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9-23 An ideal gas Carnot cycle with air as the working fluid is considered. The maximum temperature of the low- 
temperature energy reservoir, the cycle's thermal efficiency, and the amount of heat that must be supplied per cycle are to 
be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg.K, c v = 0.718 kJ/kg-K, and k = 1.4 (Table A- 
2a). 

Analysis The temperature of the low-temperature reservoir can be found by applying the isentropic expansion process 
relation 


T \ = T 2 




\ u \ J 


= (1027 + 273 K) 


r x \ i-4-i 

Vl2y 


481 .IK 


Since the Carnot engine is completely reversible, its efficiency is 


^7 th, Carnot ^ 


T 


L 


T 


= 1 


481. IK 


H 


(1027 + 273) K 


= 0.630 


The work output per cycle is 

W net 500 kJ/s 


W = 

r net 


h 1500cycle/min 


60s 
1 min 


= 20 kJ/cycle 


1300 K 



> s 


According to the definition of the cycle efficiency, 


7 7 th, Carnot 


W 


net 


Gin 


^2in- 


W. 


net 


V th, Carnot 


20 kJ/cycle 
063 


31 .75 kJ/cycle 
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9-24 An air-standard cycle executed in a piston-cylinder system is composed of three specified processes. The cycle is to be 
sketcehed on the P- i/and T-s diagrams; the heat and work interactions and the thermal efficiency of the cycle are to be 
determined; and an expression for thermal efficiency as functions of compression ratio and specific heat ratio is to be 
obtained. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air are given as R = 0.3 kJ/kg-K and c„ =0.3 kJ/kg-K. 

Analysis (a) The P- c/and T-s diagrams of the cycle are shown in the figures. 

(b) Noting that 

c p = c v + R = 0.7 + 0.3 = 1.0 kJ/kg • K 


P 


k = 


c 


p 


1.0 


c v 0.7 


= 1.429 


Process 1-2: Isentropic compression 


t 2 =t x 




\"2J 


= T,r k ~ l = (293 K)(5) 0 ' 429 = 584.4 K 



w i-2,in = ( T 2 ~ t \) = (°- 7 kJ/k S • K)(584.4 - 293) K = 204.0 kJ/kg 

4 1 -2 =0 

From ideal gas relation, 


T \ v 


v 


To (/ 


= r 


2 ^2 ^2 

Process 2-3: Constant pressure heat addition 

3 

w 2-3,out =^Pdv = P 2 (y- i -v 2 ) = R(T 3 -T 2 ) 

2 

= (0.3 kJ/kg • K)(2922 - 584.4) K = 701 .3 kJ/kg 

2 - 3 , in = w 2-3, out +^ w 2-3 = ^2-3 

= Cp (T 3 -T 2 ) = (1 kJ/kg • K)(2922 - 584.4) K = 2338 kJ/kg 

Process 3-1: Constant volume heat rejection 

*7 3 -i, out = Aw i-3 = c v (T 3 -T { ) = (0.7 kJ/kg • K)(2922 - 293) K = 1 840.3 kJ/kg 

w 3 _\ = 0 
(c) Net work is 

V^net = ^2-3, out " ^1-2, in =701.3- 204.0 = 497.3 kJ/kg . K 
The thermal efficiency is then 


*T 3 = (584.4)(5) = 2922 


7 th = 


w 


net 




in 


497.3 kJ 
2338 kJ 


= 0.213 = 21.3% 


c/ 
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(d) The expression for the cycle thermal efficiency is obtained as follows: 

7th = 


w net W 2-3,out VV7 l-2,in 


7 in 7 in 

R(T 3 -T 2 )-c v (T 2 -TO 


R 


R 


c 


c p (T 3 -T 2 ) 


c/V ' 1 -r t ) 


c p {rT x r k ~ l -T x r k ~ x ) 


r 


C v T \ r 


k - 1 


r. 




V V 


£-1 


c p T x r k -\r- 1) 


R 


i 

c p 

k(r- 1) 

R 


1 

c p 

k(r- 1) 

( 

1- 

V 

n 

i 

k y 

k(r 


r, 


^ it-i 

T \ r j 


l 




£-1 


V 1 


V r‘-'. 


since 


R 


c 


p 


C p~ C v 


= 1 


C , 


c 


p 


c 
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9-25C For actual four-stroke engines, the rpm is twice the number of thermodynamic cycles; for two-stroke engines, it is 
equal to the number of thermodynamic cycles. 


9-26C The ideal Otto cycle involves external irreversibilities, and thus it has a lower thermal efficiency. 


9-27C The four processes that make up the Otto cycle are (1) isentropic compression, (2) v = constant heat addition, (3) 
isentropic expansion, and (4) v = constant heat rejection. 


9-28C They are analyzed as closed system processes because no mass crosses the system boundaries during any of the 
processes. 


9-29C It increases with both of them. 


9-30C Because high compression ratios cause engine knock. 


9-31C The thermal efficiency will be the highest for argon because it has the highest specific heat ratio, k = 1.667. 


9-32C The fuel is injected into the cylinder in both engines, but it is ignited with a spark plug in gasoline engines. 
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9-33 An ideal Otto cycle is considered. The thermal efficiency and the rate of heat input are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg.K, c„ = 0.718 kJ/kg-K, and k = 1.4 (Table A- 
2a). 

Analysis The definition of cycle thermal efficiency reduces to 


*7th = 1 - 


1 


.k - 1 


= 1 - 


1 


r * 10.5 

The rate of heat addition is then 


1.4-1 


= 0.6096 = 61 .0% 


• W net 90 kW 

Gin = — 1 — = = 148 kW 

rj th 0.6096 



9-34 An ideal Otto cycle is considered. The thermal efficiency and the rate of heat input are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c p = 1.005 kJ/kg.K, = 0.718 kJ/kg-K, and k = 1.4 (Table A- 
2a). 


Analysis The definition of cycle thermal efficiency reduces to 

^ = 1 - 4r = 1 - rrirr ‘ »- 5752 ' 57 - 5% 

r 8.5 

The rate of heat addition is then 




90 kW 
0.5752 


= 157 kW 



PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



9-21 


9-35 The two isentropic processes in an Otto cycle are replaced with polytropic processes. The heat added to and rejected 
from this cycle, and the cycle’s thermal efficiency are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are R = 0.287 kPa-m/kg-K, c p = 1.005 kJ/kg-K, c v = 0.718 kJ/kg-K, 
and k= 1.4 (Table A-2a). 


Analysis The temperature at the end of the compression is 


t 2 =t, 




n — 1 


\ V 2J 


= T x r"~ l = (288 K)(8) 1-3-1 = 537.4 K 


And the temperature at the end of the expansion is 


1 

/ \ 

(/ 3 

n—i 

rn 

n— 1 

rn 

II 

u> 

J 

=t 3 


= (1473 K) 


+ 4 J 


UJ 




789.4 K 



The integral of the work expression for the polytropic compression gives 


Wl-2 = 


RT X 
n - 1 




\ V 2J 


-1 


(0.287 kJ/kg- KX288K) 3-1 _ 1) = 2386kJ/kg 

1.3-1 


Similarly, the work produced during the expansion is 


W 3 _ 4 


rt 3 

n - 1 


++"- 1 


v v 4y 


-1 


(0.287 kJ/kg -K)( 1473 K) 
1.3-1 


'1 

v8 


\ 

/ 


1.3-1 


-1 


654.0 kJ/kg 


Application of the first law to each of the four processes gives 

q x _ 2 = Wl _ 2 - (T 2 - T x ) = 238.6 kJ/kg - (0.7 1 8 kJ/kg • K)(537.4 - 288)K = 59.53 kJ/kg 

q 2 _ 3 =c w (T 3 -T 2 ) = (0.7 1 8 kJ/kg • K)(1473 - 537.4)K = 67 1 .8 kJ/kg 

q 3 4 = w 3 4 - (T 3 -T 4 ) = 654.0 kJ/kg - (0.7 1 8 kJ/kg • K)(1473 - 789.4)K = 163.2 kJ/kg 


q 4 l = c v (T 4 -T x ) = (0.7 1 8 kJ/kg • K)(789.4 - 288)K = 360.0 kJ/kg 

The head added and rejected from the cycle are 

9m = 92-3 + 93-4 = 671.8 + 163.2 = 835.0 kJ/kg 
9 out = 9i — 2 + 94-1 = 59.53 + 360.0 = 41 9.5 kJ/kg 


The thermal efficiency of this cycle is then 


n t h =1 


^out_ = l_41^5 

q in 835.0 


0.498 
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9-36 An ideal Otto cycle is considered. The heat added to and rejected from this cycle, and the cycle’s thermal efficiency 
are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are R = 0.287 kPa-m/kg-K, c p = 1.005 kJ/kg-K, c„ = 0.718 kJ/kg-K, 
and k= 1.4 (Table A-2a). 


Analysis The temperature at the end of the compression is 


t 2 =t, 




jfc-l 


\ V 2J 


~T\T 


k - 1 


= (288 K)(8) 1 ' 4- 1 = 661.7 K 


and the temperature at the end of the expansion is 


1 

f \ 

(/o 

k~ 1 

rn 

k~ i 

rn 

II 

u> 

J 

= t 3 


= (1473 K) 


{^4j 


UJ 




1.4-1 


= 641.2 K 



Application of the first law to the heat addition process gives 

q . n = c v (T 3 - T 2 ) = (0.7 1 8 kJ/kg • K)(1473 - 66 1 .7)K = 582.5 k J/kg 

Similarly, the heat rejected is 

q oui =c w (T 4 -T l ) = ( 0.718 kJ/kg • K)(64 1 .2 - 288)K = 253.6 kJ/kg 
The thermal efficiency of this cycle is then 

Uth =i_i^ = i_^M = o.565 
q m 582.5 
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9-37E A six-cylinder, four-stroke, spark-ignition engine operating on the ideal Otto cycle is considered. The power 
produced by the engine is to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are R = 0.3704 psia-ft 3 /lbm.R (Table A- IE), c p = 0.240 Btu/lbm-R, 

= 0.171 Btu/lbm-R, and k = 1.4 (Table A-2Ea). 

Analysis From the data specified in the problem statement, 

i/i i/i 


r = 


t/ 2 0.14(/j 


= 7.143 


Since the compression and expansion processes are isentropic, 


r 2 =7; 


r \*-i 

v, 




= T l r k ~ l =( 525 R)(7.143/- 4_1 =1153 R 



_ 1 

f \ 

k - 1 

rn 

II 

D 

= t 3 






k - 1 


= (2060 R) 


1 


1.4-1 


7.143 


= 938.2 R 


Application of the first law to the compression and expansion processes gives 
w net = C A T 3 ~T 4 )-C v (T 2 ~T { ) 

= (0.171 Btu/lbm • R)(2060 - 938.2)R - (0. 17 1 Btu/lbm • R)(l 153 - 525)R 
= 84.44 Btu/lbm 

When each cylinder is charged with the air-fuel mixture, 

Vl =^L= (0-3704ps 1 a-ft 3 /lb m .R)(525R) = ^ ft3/lbm 
P x 14psia 

The total air mass taken by all 6 cylinders when they are charged is 

A(/ A7 7rB 2 S / 4 ^(3.5/12 ft) 2 (3.9 / 1 2 ft)/ 4 nnnnQoniu 

m = N„ a = N„, , = (6) : = 0.009380 lbm 


cyl 


C/ 


cyl 


l/, 


13.89 ft' 3 /lbm 


The net work produced per cycle is 

W net - mw net = (0.009380 lbm)(84.44 Btu/lbm) = 0.7920 Btu/cycle 
The power produced is determined from 

W net n (0.7920 Btu/cycle)(2500/60 rev/s) ( 1 hp 


w 

vv net 


N 


rev 


2 rev/cycle 


0.7068 Btu/s 


23.3 hp 


since there are two revolutions per cycle in a four- stroke engine. 
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9-38E An Otto cycle with non-isentropic compression and expansion processes is considered. The thermal efficiency, the 
heat addition, and the mean effective pressure are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are R = 0.3704 psia-ft 3 /lbm.R (Table A- IE), c p = 0.240 Btu/lbm-R, 

= 0.171 Btu/lbm-R, and k = 1.4 (Table A-2Ea). 

Analysis We begin by determining the temperatures of the cycle 
states using the process equations and component efficiencies. The 
ideal temperature at the end of the compression is then 


t 2s = r, 




\"2J 


= T l r k ~ 1 =(520R)(8) L4 1 =1195R 


With the isentropic compression efficiency, the actual temperature at 
the end of the compression is 



?l = 


t 2s -t i 


T 2 -T x 


>r2=ri+ ZkzZL = ( 520R) + (1195 - 52Q)R 


= 1314 R 


7 


0.85 


Similarly for the expansion, 



/ \ 

v 3 

k - 1 

1 _ i 

rn 

^4.v -^3 

A 

ii 







k - 1 


= (2300 + 460 R) 


/pl-4-1 
v8y 


= 1201 R 


7 ~ 


t 3 -t 4 


^3 T 4s 


-> r 4 = T 3 - rj(T 3 - T 4s ) = (2760 R) - (0.95)(2760 - 120 1) R = 1 279 R 


The specific heat addition is that of process 2-3, 

q . m = C{/ (T 3 -T 2 ) = (0.171 Btu/lbm -R)(2760- 13 14)R = 247.3 Btu/lbm 

The net work production is the difference between the work produced by the expansion and that used by the compression, 
^net =C v {T 3 -T 4 )-C v {T 2 -T x ) 

= (0.171 Btu/lbm • R)(2760 - 1 279)R -(0.171 Btu/lbm • R)(l 3 14 - 520)R 
= 117.5 Btu/lbm 

The thermal efficiency of this cycle is then 


w 


7th = 


net 


7i 


in 


117.5 Btu/lbm 
247.3 Btu/lbm 


= 0.475 


At the beginning of compression, the maximum specific volume of this cycle is 


</i = 


RT X (0.3704 psia • ft 3 /lbm • R)(520R) = { 4 g2 ft 3 ^ 


R 


13 psia 


while the minimum specific volume of the cycle occurs at the end of the compression 

3 

'2 “ 


V\ 14.82 ft /lbm 10 ^ r3/11 

t/ 0 = — = = 1.852 ft /lbm 

r 8 


The engine’s mean effective pressure is then 

117.5 Btu/lbm 


MEP = 


w 


net 


v x -i/ 2 (14.82-1.852) ft /lbm 


f 5.404 psia -ft 3 ^ 
1 Btu 


49.0 psia 
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9-39 An ideal Otto cycle with air as the working fluid has a compression ratio of 9.5. The highest pressure and temperature 
in the cycle, the amount of heat transferred, the thermal efficiency, and the mean effective pressure are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K, c v = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k=l.4 (Table A-2). 

Analysis ( a ) Process 1-2: isentropic compression. 


t 2 =t, 


P 2 V 2 P\ 


= (308 K)(9.5) 0 ' 4 = 757.9 K 


P 2 = (9.5)1 757,9 K VlOO kPa)= 2338 kPa 


i/ 2 7j 


308 K 


Process 3-4: isentropic expansion. 



T 3 =7 4 


= (800 KX9.5) 0 ' 4 =1969 K 


Process 2-3: (/= constant heat addition. 


^ 3 V 3 ^ 2^2 


P 3 =zrPi = 


1969 K 
757.9 K 


(2338 kPa) = 6072 kPa 


, PM (lOO kPa)(o.0006 m 3 ) ^ oo 

( b ) m- = 7 \ x — - = 6.788x10 kg 

RT X (0.287 kPa- m 3 /kg- Kj(308 K) 

Q. n = m (u 3 -u 2 )= mc v {T 3 -T 2 )= (6.788x lO^ 4 kg)(0.71 8 kJ/kg • K)(l969 - 757.9)K = 0.590 kJ 

(c) Process 4-1: u- constant heat rejection. 

Gout =m(u 4 -U]) = mc v ( t 4 -7, ) = -(6.788xl(r 4 kg)(0.718 kJ/kg • K)(800 - 308)K = 0.240 kJ 

W net = Gin - Gout = 0-590 - 0.240 = 0.350 kJ 

= ^tetom = 0350 kJ = 59A% 

Q m 0.590 kJ 


V„„ =V 2 = 


MEP = 


net, out 


net, out 


0.350 kJ 


C^-^2 C/j (1 - 1 / r) (0.0006 m 3 11 -1/9.5) kJ 


kPa-m 


652 kPa 
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9-40 An Otto cycle with air as the working fluid has a compression ratio of 9.5. The highest pressure and temperature in 
the cycle, the amount of heat transferred, the thermal efficiency, and the mean effective pressure are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and 
potential energy changes are negligible. 3 Air is an ideal gas with constant 
specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K, 
c u = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and k = 1.4 (Table A-2). 

Analysis (a) Process 1-2: isentropic compression. 


k-i 


t 2 =t, 


^2 U 2 




= (308 K)(9.5) 0 - 4 = 757.9 K 


To 


P\V\ 

r, 


+ Po = 


i/i T ? / 

— =(9.5 

u 2 ^1 


/ 757.9 K 


v 


308 K 


(100 kPa)= 2338 kPa 



v 


Process 3-4: polytropic expansion. 

(100 kPa)(0.0006 m 


m = 


t 3 = t 4 


RT\ (().287 kPa • m Vkg ■ k)(308 K ) 
= (800 KX9.5) 035 


= 6.788 xl0~ 4 kg 


V 


V^3 J 


= 1759 K 


^34 = 


mR(T 4 -T 3 ) _ (6.788 x 10 “ 4 )(0.287 kJ/kg -K)(800-l 759 )K 


1 — n 


1-1.35 


= 0.5338 kJ 


Then energy balance for process 3-4 gives 


^in £out system 


,out 


2 3 4,in -^34,out = ™(«4 ~U 3 ) 

2 3 4.in =m{u 4 -u 3 )+W 34out =mc v (T 4 -T 3 )+W 34f 

Q 34 iin = (6.788 X 10~ 4 kg)(0.718 kJ/kg • K)(800 - 1759)K + 0.5338 kJ = 0.0664 kJ 

That is, 0.066 kJ of heat is added to the air during the expansion process (This is not realistic, and probably is due to 
assuming constant specific heats at room temperature). 

(b) Process 2-3: u= constant heat addition. 

T, 


P'li/'i P p t/a i-i 

= > Pi = —P ? = 

t 3 t 2 t 2 


4 1759 K 4 
757.9 K 


(2338 kPa) = 5426 kPa 


223, in = m ( u 3 - “2 ) = mc v ( T 3 ~ T 1 ) 

Q 23m = (6.788 xl0~ 4 kg )o.718 kJ/kg - kXi 759- 757.9)K = 0.4879 kJ 
Therefore, Q in = < 2 2 3 ,in + Q 34 , in = 0-4879 + 0.0664 = 0.5543 kJ 
(c) Process 4-1: 1 /= constant heat rejection. 

g out = m(u 4 -u l ) = mc„(r A -7j ) = (6.788 xl0~ 4 kg)(0.7 18 kJ/kg- KX800-308)K = 0.2398 kJ 


W. 


net,out 

w 


= Q m ~ Gout = 0.5543 - 0.2398 = 0.3145 kJ 


*7th = 


net, out 


2in 


0.3145 kJ 
0.5543 kJ 


= 56.7% 


(d) 


2n,„ = ^2 = 


1/ 


max 


MEP = 


W, 


net,out 


w. 


net, out 


0.3145 kJ 


V\-V 2 ^1 (l-l/O (0.0006m 3 h- 1/9.5) 


kPa-m 3 

kJ 


586 kPa 
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9-41E An ideal Otto cycle with air as the working fluid has a compression ratio of 8. The amount of heat transferred to the 
air during the heat addition process, the thermal efficiency, and the thermal efficiency of a Carnot cycle operating between 
the same temperature limits are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and 
potential energy changes are negligible. 3 Air is an ideal gas with variable 
specific heats. 

Properties The properties of air are given in Table A-17E. 

Analysis (a) Process 1-2: isentropic compression. 


T x = 540R 


u x = 92.04Btu/lbm 

i/ = 144.32 

r \ 




</2 




i (144.32) =18.04 


» u 2 = 211.28 Btu/lbm 


Process 2-3: t/= constant heat addition. 


T 3 = 2400R 


u 3 = 452.70 Btu/lbm 
(/,. = 2.419 

r 3 


q . n =u 3 -u 2 = 452.70-211.28 = 241.42 Btu/lbm 


(b) Process 3-4: isentropic expansion. 


v r = — v r = rv r = (8X2.419)= 19.35 > u 4 = 205.54 Btu/lbm 

4 ^3 3 3 

Process 4-1: t/= constant heat rejection. 

<7 out =u 4~ u \ =205.54-92.04 = 113.50 Btu/lbm 


^th = l 


q 


out 


= 1 




in 


113.50 Btu/lbm 
241.42 Btu/lbm 


= 53.0% 


(c) The thermal efficiency of a Carnot cycle operating between the same temperature limits is 


q th,c _ i 


T 


L 


T 


= 1 


H 


540 R 
2400 R 


= 77.5% 
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9-42E An ideal Otto cycle with argon as the working fluid has a compression ratio of 8. The amount of heat transferred to 
the argon during the heat addition process, the thermal efficiency, and the thermal efficiency of a Carnot cycle operating 
between the same temperature limits are to be determined. 

Assumptions 1 The air-standard assumptions are applicable with argon as the working fluid. 2 Kinetic and potential energy 
changes are negligible. 3 Argon is an ideal gas with constant specific heats. 


Properties The properties of argon are c p = 0.1253 Btu/lbm.R, c 
Analysis ( a ) Process 1-2: isentropic compression. 

r \ k ~ l 


t 2 =t, 


l/, 


= (540 R)(8) 0 ' 667 = 2161 R 


Process 2-3: u= constant heat addition. 

<y,n =«3 — «2 = C A T 3 ~ T l) 

= (0.0756 Btu/lbm.R)(2400 - 2 16 1) R 

= 18.07 Btu/lbm 


1/ 


= 0.0756 Btu/lbm.R, and A: = 1.667 (Table A-2E). 



(b) Process 3-4: isentropic expansion. 


k - 1 


t 4 =t 3 


V 


J 


= (2400 R C 


\ 0.667 


= 600 R 


Process 4-1: (/= constant heat rejection. 

q out = u 4 -u l = c v (t 4 -T,) = ( 0.0756 Btu/lbm.R )(600 - 540)R = 4.536 Btu/lbm 


Hth =1 


out 

<7in 


4.536 Btu/lbm _ 

= 74.9% 

18.07 Btu/lbm 


(c) The thermal efficiency of a Carnot cycle operating between the same temperature limits is 


7th, c ~ 1 


T 


L 


T 


= \ 


H 


540 R 
2400 R 


= 77.5% 
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9-43 A gasoline engine operates on an Otto cycle. The compression and expansion processes are modeled as poly tropic. 
The temperature at the end of expansion process, the net work output, the thermal efficiency, the mean effective pressure, 
the engine speed for a given net power, and the specific fuel consumption are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at 850 K are c p = 1.110 kJ/kg-K, c w = 0.823 kJ/kg-K, R = 0.287 kJ/kg-K, and k = 1.349 
(Table A-2b). 


Analysis (a) Process 1-2: polytropic compression 


P 


T 2 = t \ 


P 2 =P X 


r \ n ~ x 


= (310 K)(l l) 1 ' 3 " 1 =636.5 K 


V V 2 J 




\”l) 


= (l00kPa)(ll) 1 ' 3 = 2258 kPa 


R(T 2 - T x ) (0.287 kJ/kg • K)(636.5 - 3 10)K 

W12 = — = — — = -312.3 kJ/kg 

1 — n 1 — 1.3 

Process 2-3: constant volume heat addition 


T 3 =T 2 


/ j-) \ 

3 



* ' = (636.5 

v /I ^ r - o i i-» _ 


K P 2 J 


2258 kPa 


= 2255 K 


*7 in =« 3 -“2 =C v (T 3 -T 2 ) 

= (0.823 kJ/kg • KX2255 - 636.5)K = 1332 kJ/kg 


Process 3-4: polytropic expansion. 


t 4 =t 3 


r \ n ~ l 
v-x 


V^4 J 


= (2255 k (2- 


xl.3-1 


=1098 K 


P 4 =P 3 


r \ n 


V U 1 7 


= (8000kPaf^ 


xl.3 


= 354.2 kPa 


R(T 4 - T 3 ) (0.287 kJ/kg • K)(1098 - 2255)K t , T/I 

w 34 = = = 1 106 kJ/kg 

1 — n 1-1.3 

Process 4-1: constant volume heat rejection. 

(b) The net work output and the thermal efficiency are 


w 


net, out 


= w -w =1106-312.3 = 794 kJ/kg 


w net,out 794 kJ/kg n _ nA j-q CO/ 

rj. h = = = 0.596 = 59.6% 

q m 1332 kJ/k g 

(c) The mean effective pressure is determined as follows 

RT { (o.287 kPa • m 3 /kg • k)( 310 K) n 
1/. = — - = A = 0. 

A r\ a 1 r\ 


P 


100 kPa 


= 0.8897 m7kg = i/ 


max 


V 


(/ = [/r, = 

min 2 


max 


MEP = 


w 


net, out 


W 


net, out 


794 kJ/kg 


V 1 -V 2 (1-1/r) (0.8897 m 3 /k g |i-i/n) 


r kPa • m 3 ^ 
kJ 


= 982 kPa 
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(d) The clearance volume and the total volume of the engine at the beginning of compression process (state 1) are 

V + 0.0016 m 3 


r = 


jj + Kf 

1 / 


■>11 = 


V 


>l/= 0.00016 m 3 


(/, = (/ c +(/ rf = 0.00016 + 0.0016 = 0.00176 m 
The total mass contained in the cylinder is 


m, = 




(100 kPa)/0.00 176 m 3 ) 


RT X (0.287 kPa • m 3 /kg • Kj(310 K) 

The engine speed for a net power output of 50 kW is 

. . . . 50 kJ/s 


= 0.001978 kg 


h- 2 


net 


m f w net 


= (2 rev/cycle) 


(0.001978 kg)(794 kJ/kg • cycle) 

Note that there are two revolutions in one cycle in four-stroke engines. 
(e) The mass of fuel burned during one cycle is 


60s 
1 min 


= 3820 rev/min 


AF = 


m. 


m t - m j 


>16 = 


(0.001978 kg) -m 


f 


m 


7 m f 

Finally, the specific fuel consumption is 

sfc = 


m 


f 


> rrij =0.0001 164 kg 


™ f 0.0001164 kg 

{ 1000 

f 3600 kJ ^ 

m,w net “ (0.001978 kg)(794 kJ/kg) 

l lk g J 

t lkWh J 


= 267 g/kWh 
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9-44 The expressions for the maximum gas temperature and pressure of an ideal Otto cycle are to be determined when the 
compression ratio is doubled. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Analysis The temperature at the end of the compression varies with the compression ratio as 

( Y _1 

T 2 =T l = T t r k ~' 

W 

since T\ is fixed. The temperature rise during the combustion remains constant since the 
amount of heat addition is fixed. Then, the maximum cycle temperature is given by 

T 3 =^/c v +T 2 =q in /c„+T l r k - 1 

The smallest gas specific volume during the cycle is v 

t / 3 = — 

r 

When this is combined with the maximum temperature, the maximum pressure is given by 




9-45 It is to be determined if the polytropic exponent to be used in an Otto cycle model will be greater than or less than the 
isentropic exponent. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Analysis During a polytropic process, 

P v 11 = constant p 

Tpin-U'n = constant 

and for an isentropic process, 

Pv k = constant 

jpU-D/k = constant 

1 / 

If heat is lost during the expansion of the gas, 

T 4 > T 4s 

where r 4s is the temperature that would occur if the expansion were reversible and adiabatic (n=k). This can only occur 
when 

n < k 
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9-46C A diesel engine differs from the gasoline engine in the way combustion is initiated. In diesel engines combustion is 
initiated by compressing the air above the self-ignition temperature of the fuel whereas it is initiated by a spark plug in a 
gasoline engine. 


9-47C The Diesel cycle differs from the Otto cycle in the heat addition process only; it takes place at constant volume in 
the Otto cycle, but at constant pressure in the Diesel cycle. 


9-48C The gasoline engine. 


9-49C Diesel engines operate at high compression ratios because the diesel engines do not have the engine knock problem. 


9-50C Cutoff ratio is the ratio of the cylinder volumes after and before the combustion process. As the cutoff ratio 
decreases, the efficiency of the diesel cycle increases. 


9-51 An ideal diesel cycle has a compression ratio of 20 and a cutoff ratio of 1.3. The maximum temperature of the air and 
the rate of heat addition are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K, c v = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k = 1.4 (Table A-2a). 

Analysis We begin by using the process types to fix the temperatures of the states. 


t 2 =t x 


t 3 =t 2 




= 7’ 1 r*“ 1 = (288 K)(20) L4_1 = 954.6 K 


\ V 2J 




\ V U 


= T 2 r c = (954.6 K)(1.3) = 1241 K 


Combining the first law as applied to the various processes with the process equations gives 



, i r - 1 , 

ith =1 — — =i 


i 


1.3 1 ' 4 -1 


r k -' k(r -1) 


20 


1.4-1 


1.4(1. 3-1) 


= 0.6812 


According to the definition of the thermal efficiency, 


Qi n = 


w, 


net 


250 kW 


rj [h 0.6812 


367 kW 
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9-52E An ideal diesel cycle has a a cutoff ratio of 1.4. The power produced is to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are R = 0.3704 psia-ft 3 /lbm.R (Table A- IE), c p = 0.240 Btu/lbm-R, 
c„ =0.171 Btu/lbm-R, and k = 1.4 (Table A-2Ea). 

Analysis The specific volume of the air at the start of the compression is 

y _ RT\ _ (0.3704psia-ft 3 /lbm R)(510R> 12ft3/lbm 
1 P l 14.4 psia 

The total air mass taken by all 8 cylinders when they are charged is 

2 o / a _//i / in 4i.\ 2 

cyl 


A(/ „ tiB z S/ 4 tt{4 / 12 ft) 7 (4 / 12 ft)/4 nMnntn 

m = N = N = (8) — — : — = 0.01774 lbm 


Cyl V, eyl v, "" 13.12ft 3 /lbm 

The rate at which air is processed by the engine is determined from 
mh (0.01 774 lbm/cycle)( 1800/60 rev/s) 


m = 


N 


rev 


2 rev/cycle 


= 0.2661 lbm/s = 958.0 lbm/h 


since there are two revolutions per cycle in a four-stroke engine. The compression ratio is 
1 


r = 


0.045 


= 22.22 


At the end of the compression, the air temperature is 
T 2 =T t r k ~' = (510R)(22.22) 1 ' 4 1 =1763R 

Application of the first law and work integral to the constant pressure heat addition gives 
q [n = c p ( T 3 -T 2 ) = (0.240 Btu/lbm- R)(2760- 1763)R = 239.3 Btu/lbm 

while the thermal efficiency is 

1 r*-l . 1 


7th =1 


k-\ 


= 1 


1.4 1 4 -1 


r" * k(r c - 1) 22.22 1 ' 4 - 1 1.4(1.4-1) 

The power produced by this engine is then 

^net 

= (958.0 lbm/h)(0.6892)(239.3 Btu/lbm) 

= 62.1 hp 


= 0.6892 


lhp 


2544.5 Btu/h 
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9-53 An ideal dual cycle has a compression ratio of 14 and cutoff ratio of 1.2. The thermal efficiency, amount of heat 
added, and the maximum gas pressure and temperature are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K, c v = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k= 1.4 (Table A-2a). 


Analysis The specific volume of the air at the start of the compression is 

3 

a i j / Kra • m 

'l - 


RT X (0.287 kPa • nr /kg • K)(293 K) , nci 3/1 
(/, = = = 1.051m /kg 


R 


80 kPa 


and the specific volume at the end of the compression is 
v \ 1-051 m 3 /kg nnr , eno _ 3 


v 2 = — = 


= 0.07508 m J /kg 


r 14 

The pressure at the end of the compression is 


p 2 =Pi 


r \ k 
\ V 2J 


= P x r k =(80kPa)(l4) 14 =3219kPa 


and the maximum pressure is 

P x =P 3 = r p P 2 = (1.5)(3219kPa) = 4829 kPa 

The temperature at the end of the compression is 


7’2=7’, 


\ V 2J 


= T x r k ~ x = (293 K)(l4 ) L4_1 = 842.0 K 


and 


7; =7-2 


f ' p ^ 

il 

K P 2 J 


= (842.0 K) 


4829 kPa 
3219 kPa 


= 1263 K 


From the definition of cutoff ratio 

1/3 = r c u x = r c i/ 2 = (1.2)(0.07508m 3 /kg) = 0.09010 m 3 /kg 
The remaining state temperatures are then 


t 3 =t x 


7-4 =7-3 




= (1263 K) 


\ V XJ 


f .. \ 


0.09010 

0.07508 


= 1516 K 


k - 1 


V 


v v 4 y 


= (1516 K) 


^Q.09010^ 1 ' 4 1 


1.051 


= 567.5 K 



Applying the first law and work expression to the heat addition processes gives 

4in = c A T x-T 2 )+C p (T 3 -T x ) 

= (0.7 1 8 kJ/kg ■ K )( 1 263 - 842.0)K + (1 .005 kJ/kg ■ K )( 1 5 1 6 - 1 263 )K 

= 556.5 kJ/kg 

The heat rejected is 

q oui = c v {T a -T x ) = (0.7 1 8 kJ/kg • K)(567.5 - 293)K = 197.1 kJ/kg 
Then, ■ l-i~ ■ 1 - 197J -0.646 


Vi 


in 


556.5 kJ/kg 
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9-54 An ideal dual cycle has a compression ratio of 14 and cutoff ratio of 1.2. The thermal efficiency, amount of heat 
added, and the maximum gas pressure and temperature are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K, c v = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k = 1.4 (Table A-2). 


Analysis The specific volume of the air at the start of the compression is 

3 

a i ] / Kra • in 

'l - 


RT X (0.287 kPa • nr /kg • K)(253 K) n nn ^ 3/1 
</, = = = 0.9076 m /kg 


R 


80 kPa 


and the specific volume at the end of the compression is 
v i 0.9076 m 3 /kg 


i / 2 = — = 


= 0.06483 m J /kg 


r 14 

The pressure at the end of the compression is 


r \ k 


Pi=p, 


v 


\"i) 


= P t r k = (80 kPa)(l4 ) 1 4 =3219kPa 


and the maximum pressure is 

P x =P 3 = r p P 2 = (1.5)(3219 kPa) = 4829 kPa 

The temperature at the end of the compression is 


P 2 = T\ 




k-l 


\"2J 


= T x r k ~ x =(253K)(l4) 14 " 1 = 727.1 K 


and 


r,=r 2 


f ' p ^ 

_2 

K P 2 J 


= (727. IK) 


4829 kPa 
3219 kPa 


= 1091 K 


From the definition of cutoff ratio 

1/3 = r c u x -r c i / 2 = (1.2)(0.06483m 3 /kg) = 0.07780 m 3 /kg 
The remaining state temperatures are then 


t 3 =t x 






- (1091 K) 




f .. \ 


0.07780 

0.06483 


=1309 K 


k-l 


V 


\V^) 


= (1309 K) 


A 0.07780^ 1-4 1 


= 490.0 K 



0.9076 ^ 

Applying the first law and work expression to the heat addition processes gives 
4in = (T x -T 2 ) + c p (T 3 - T x ) 

= (0.718 kJ/kg ■ KH1091 - 727. 1)K + (1.005 kJ/kg ■ K)(1309 - 1091)K 

= 480.4 kJ/kg 

The heat rejected is 

q out = c v (T 4 -T x ) = (0.7 1 8 kJ/kg • K)(490.0 - 253)K = 170.2 kJ/kg 
Then, 77 th =l-^L = l- 17 °‘ 2 kJ/kg = 0.646 


<k 


in 


480.4 kJ/kg 
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9-55E An air-standard Diesel cycle with a compression ratio of 18.2 is considered. The cutoff ratio, the heat rejection per 
unit mass, and the thermal efficiency are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 

Properties The properties of air are given in Table A-17E. 

Analysis (a) Process 1-2: isentropic compression. 

u x = 92.04 Btu/lbm 


7j = 540 R > 


i/, = 144.32 


t/ 


(/,. = 


t/, 


i/, - — o , - 


18.2 


(144.32) = 7.93 


T 2 = 1623.6 R 
h 2 = 402.05 Btu/lbm 


Process 2-3: P = constant heat addition. 


^3^3 

T, 


To 


T, 3000 R 


</o To 1623.6 R 


= 1 .848 



(b) 


T 3 = 3000 R 


h 3 = 790.68 Btu/lbm 
= 1.180 


q . m =h 3 -h 2 = 790.68 - 402.05 = 388.63 Btu/lbm 
Process 3-4: isentropic expansion. 


v 


v 


1/ = 


(/. = 


1/1 


1.848^ 


c/. = 


1.848 


1 / _ J_^?_(i iso) = 11.621 
r3 1.848 v 7 


-> u 4 = 250.91 Btu/lbm 


Process 4-1: v = constant heat rejection. 

q 0 ut =u 4 -n x =250.91-92.04 = 158.87 Btu/lbm 


(c) 


7th =1 


7 


out 


= 1 




in 


158.87 Btu/lbm 
388.63 Btu/lbm 


= 59.1% 
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9-56E An air-standard Diesel cycle with a compression ratio of 18.2 is considered. The cutoff ratio, the heat rejection per 
unit mass, and the thermal efficiency are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 0.240 Btu/lbm.R, c v =0.171 Btu/lbm.R, and k = 1.4 
(Table A-2E). 

Analysis (a) Process 1-2: isentropic compression. P A 


Y 

T 2 =T X — =(540R)(l8.2)°- 4 =1724R 


Process 2-3: P = constant heat addition. 



P3V3 


c '3 _T 3 _ 3000 R 
c/ 2 ~ T 2 ~ 1724 R 


= 1.741 


(b) q m = h 3 - h 2 =c p {t 3 -T 2 )= (0.240 Btu/lbm.R)(3000 - 1 724)R = 306 Btu/lbm 
Process 3-4: isentropic expansion. 


t 4 =t 3 


1.741ia 


= (3000 R 


1.741 

18.2 


= 1173 R 


Process 4-1: (/= constant heat rejection. 
?out =«4 - Ml =C v {T 4 -7\) 


= (0.171 Btu/lbm. R)(l 173 -540 )r =108 Btu/lbm 


(c) ^ =1 -^ = 1 - 108Btu/lbm =6 4.6% 

q m 306 Btu/lbm 
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9-57 An ideal diesel engine with air as the working fluid has a compression ratio of 20. The thermal efficiency and the 
mean effective pressure are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K, c v = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k = 1.4 (Table A-2). 


Analysis (a) Process 1-2: isentropic compression. 

= (293 K)(20) 0 - 4 = 971.1 K 


t 2 =t x 




v^y 


Process 2-3: P = constant heat addition. 


^3^3 ^2^2 


c / 3 r 3 


2200K 


T \ 


Tn 


V 2 T 2 971. IK 


= 2.265 



Process 3-4: isentropic expansion. 


T 4 = T 3 


v ^4 y 


= T, 


r 2.265V 2 ' k 1 

IA 


- T, 


' 2.265 


= (2200 K 


2.265 

20 


\ 0.4 


= 920.6 K 


w 


q . n = h 3 - h 2 = c p (T 3 -T 2 )=(l .005 kJ/kg • K)(2200 - 971 . l)K = 1235 kJ/kg 
q out =m 4 -m, = c v (r 4 - T x )= (0.7 18 kJ/kg • K)(920.6-293)K = 450.6 kJ/kg 
net, out = ‘An - 9 out = 1235 - 450.6 = 784.4 kJ/kg 
^ net, out 784.4 kJ/kg 


7th = 


<h 


in 


1235 kJ/kg 


= 63.5% 


( b ) 


t/, = 


_ *7, _ (o,287 kPa m 3 /kg k)(293 K) . ^ ^ . 


P, 


95 kPa 


max 


t/ 


^mm = ^2 = 


MEP = 


max 


^ net, out ^ net, out 784.4 kJ/kg 

/ _ 3 \ 

kPanr 

V\-V 2 r) (o.885 m 3 /kg) 

(l - 1/20) 1 

l kJ J 


= 933 kPa 
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9-58 A diesel engine with air as the working fluid has a compression ratio of 20. The thermal efficiency and the mean 
effective pressure are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K, c v = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k= 1.4 (Table A-2). 


Analysis (a) Process 1-2: isentropic compression. 

= (293 K)(20)°- 4 = 971.1 K 


t 2 =t x 


' (/, 


v^2 y 


Process 2-3: P = constant heat addition. 


^ 3^3 ^ 2^2 


^3 T 3 


2200 K 


T 


T \ 


t/ 2 T 2 971.1 K 


- 2.265 


Process 3-4: polytropic expansion. 




'uP"- 1 


= 7, 


^ 2.265(4 v 1 


(4 


= r. 


' 2.265^’ 


= (2200 K 



<? in =h 3 -h 2 =c p (T 3 -r 2 )= (1.005 kJ/kg-KX2200- 971. l) K= 1235 kJ/kg 

<7 0ut =m 4 -m 1 = c u (r 4 -7’ 1 ) = (0.7 18 kJ/kg • K)(l026-293) K = 526.3 kJ/kg 

Note that q out in this case does not represent the entire heat rejected since some heat is also rejected during the poly tropic 
process, which is determined from an energy balance on process 3-4: 

R(t 4 - T 3 ) (0.287 kJ/kg • K)(l026 - 2200) K 


^34, out 


1 — n 


1-1.35 


= 963 kJ/kg 


^in ^out ^-^system 


#34, in w 34,out ~ U 4 11 3 > #34, in ~ w 34,out + c v (^4 ^ 3 ) 

= 963 kJ/kg + (0.7 1 8 kJ/kg • KXl 026 - 2200) K 
= 120.1 kJ/kg 

which means that 120.1 kJ/kg of heat is transferred to the combustion gases during the expansion process. This is 
unrealistic since the gas is at a much higher temperature than the surroundings, and a hot gas loses heat during polytropic 
expansion. The cause of this unrealistic result is the constant specific heat assumption. If we were to use u data from the 
air table, we would obtain 

Q 34j n = w 34, out +( M 4 - m 3 ) = 963 + (781 .3 - 1872.4) = -128.1 kJ/kg 
which is a heat loss as expected. Then q out becomes 

tfout = 7 34 . out +?4i,out = 128.1 + 526.3 = 654.4 kJ/kg 


and 


Wne,.out = q m -9out =1235-654.4 = 580.6 kJ/kg 
^ net, out 580.6 kJ/kg 


#th = 




in 


1235 kJ/kg 


= 47.0% 


(b) 


C/i = 


- ^ - (°- 287 kPa m ^ 4293 K ) . asg5 m , . „ 


P 


95 kPa 


max 


C/ 


{/ = t/~ = 

min 2 


max 


MEP = 


w 


net, out 


W 


net, out 


580.6 kJ/kg 


1 / 1 -C /2 i/j (l — 1/ r) 0.885 m 



1-1/20) 


^lkPa-m 3 ^ 

kj 


= 691 kPa 
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9-59 



Problem 9-58 is reconsidered. The effect of the compression ratio on the net work output, mean effective 


pressure, and thermal efficiency is to be investigated. Also, T-s and P-v diagrams for the cycle are to be plotted. 
Analysis Using EES, the problem is solved as follows: 


Procedure QTotal(q_12,q_23,q_34,q_41 : q_in_total,q_out_total) 
q_in_total = 0 
q_out_total = 0 

IF (q_12 > 0) THEN qJn_total = q_12 ELSE q_out_total = - q_12 
If q_23 > 0 then q_in_total = q_in_total + q_23 else q_out_total = q_out_total - q_23 

If q_34 > 0 then q_in_total = q_in_total + q_34 else q_out_total = q_out_total - q_34 

If q_41 > 0 then q_in_total = q_in_total + q_41 else q_out_total = q_out_total - q 41 

END 

"Input Data" 

T[1]=293 [K] 

P[1]=95 [kPa] 

T[3] = 2200 [K] 
n=1.35 

{r_comp = 20} 

"Process 1-2 is isentropic compression" 

s[1]=entropy(air,T=T[1],P=P[1]) 

s[2]=s[1] 

T[2]=temperature(air, s=s[2], P=P[2]) 

P[2]*v[2]/T[2]=P[1]*v[1]/T[1] 

P[1 ]*v[1 ]=R*T[1 ] 

R=0.287 [kJ/kg-K] 

V[2] = V[1]/ r_comp 

"Conservation of energy for process 1 to 2" 
q_12 - w_12 = DELTAu_12 
q_12 =0"isentropic process" 

DELTAu_1 2=intenergy(air,T =T[2])-intenergy(air,T =T[1 ]) 

"Process 2-3 is constant pressure heat addition" 

P[3]=P[2] 

s[3]=entropy(air, T=T[3], P=P[3]) 

P[3]*v[3]=R*T[3] 

"Conservation of energy for process 2 to 3" 
q_23 - w_23 = DELTAu_23 

w_23 =P[2]*(V[3] - V[2])"constant pressure process" 
DELTAu_23=intenergy(air,T=T[3])-intenergy(air,T=T[2]) 

"Process 3-4 is polytropic expansion" 

P[3]/P[4] =(V[4]A/[3]) A n 
s[4]=entropy(air,T=T[4],P=P[4]) 

P[4]*v[4]=R*T[4] 

"Conservation of energy for process 3 to 4" 

q_34 - w_34 = DELTAu_34 "q_34 is not 0 for the ploytropic process" 
DELTAu_34=intenergy(air,T=T[4])-intenergy(air,T=T[3]) 

P[3]*V[3] A n = Const 
w_34=(P[4]*V[4]-P[3]*V[3])/(1-n) 

"Process 4-1 is constant volume heat rejection" 

V[4] = V[1] 

"Conservation of energy for process 4 to 1" 

q_41 - w_41 = DELTAu_41 

w_41 =0 "constant volume process" 

DELTAu_41=intenergy(air,T=T[1])-intenergy(air,T = T[4]) 

Call QTotal(q_12,q_23,q_34,q_41: qJn_total,q_out_total) 
w net = w 12+w 23+w 34+w 41 
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P [kPa] T [K] 


9-41 


Eta_th=w_net/qJn_totariOO "Thermal efficiency, in percent" 
"The mean effective pressure is:" 

MEP = w_net/(V[1]-V[2]) 


f"comp 

T|th 

MEP 

[kPal 

Wnet 

[kJ/kql 

14 

47.69 

970.8 

797.9 

16 

50.14 

985 

817.4 

18 

52.16 

992.6 

829.8 

20 

53.85 

995.4 

837.0 

22 

55.29 

994.9 

840.6 

24 

56.54 

992 

841.5 



4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 


s [kJ/kg-K] 
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9-60 A four-cylinder ideal diesel engine with air as the working fluid has a compression ratio of 22 and a cutoff ratio of 
1.8. The power the engine will deliver at 2300 rpm is to be determined. 

Assumptions 1 The cold air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 
Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K, c { , = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k = 1.4 (Table A-2). 


Analysis Process 1-2: isentropic compression. 

= (343 K)(22) 0 - 4 =1181 K 


T i = t \ 






Process 2-3: P = constant heat addition. 

— > T 3 = —T 2 =1.8 T 2 =(l.8)(l 181 K) = 2126 K 


P3V3 P l U 2 






V 


Process 3-4: isentropic expansion. 



fiO 

k - 1 

( 2.2V , 

k - 1 

f 2.2\ 

74 = r 3 


= r 3 


= r 3 





v Gt j 


l r ) 


m = 




(97 kPa)(0.0020 nr) 


= (2216 K 


= 0.001971 kg 


L8 

22 


\ 0.4 


= 781 K 


RTi (0.287 kPa-m 3 /kg-K)(343K) 

Gin = m i h 3 ~ h 2 ) = mc p ( T 3 - T 2 ) 

= (0.001971 kg)(l. 005 kJ/kg • K)(2216 - 1 181)K = 1.871 kJ 

Gout =m{u A - m , ) = mc v (T 4 -rj 

= (0.001971 kg)(0.718 kJ/kg • K)(781 - 343 )K = 0.6198 kJ 



.out 


(/ 


^„et,out = G in — G out = 1.871 - 0.6198 = 1.251 kj/rev 
Wnet,out =»W ne t.out =(2300/60 rev/sXl. 251 kJ/rev) =48.0 kW 


Discussion Note that for 2-stroke engines, 1 thermodynamic cycle is equivalent to 1 mechanical cycle (and thus 
revolutions). 
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9-61 A four-cylinder ideal diesel engine with nitrogen as the working fluid has a compression ratio of 22 and a cutoff ratio 
of 1.8. The power the engine will deliver at 2300 rpm is to be determined. 

Assumptions 1 The air-standard assumptions are applicable with nitrogen as the working fluid. 2 Kinetic and potential 
energy changes are negligible. 3 Nitrogen is an ideal gas with constant specific heats. 

Properties The properties of nitrogen at room temperature are c p = 1.039 kJ/kg-K, c„ = 0.743 kJ/kg-K, R = 0.2968 
kJ/kg-K, and k= 1.4 (Table A-2). 

Analysis Process 1-2: isentropic compression. 


T 2 = 7 1 


Y± 


k - 1 


= (343 kX22) 0 ' 4 =1181 K 


Process 2-3: P = constant heat addition. 

— > T 3 = — T 2 =1.8 T 2 =(l.8Xl 181 K) = 2126 K 


^3^3 


^2^2 


7; 


T, 


3 2 

Process 3-4: isentropic expansion. 


(/ 


_ I 

fiO 

k - 1 

( 2.214 'l 

k - 1 

f 2.23 

II 


= t 3 


= h 


vV4 j 


V ^4 J 


l r ) 


= (2216 K 


L8 

22 


\ 0.4 


= 781 K 


m = 


m 


(97 kPa)(0.0020m 3 ) 


RT { (0.2968 kPa • nvVkg • K)(343 K) 


= 0.001906 kg 


Gin = m { h 3 ~ h 2 ) = mC p i T 3 ~ T 2 ) 

= (0.001906 kg)(1.039 kJ/kg • K)(2216 - 1 181)K = 1.871 kJ 

Gout = m i u 4 - 11 1)= mC v ( T 4 - T l ) 

= (0.001906 kgX0.743 kJ/kg • KX781 - 343)K = 0.6202 kJ 


W, 


net, out 


= Q m - Q out = 1.871 - 0.6202 = 1.251 kJ/rev 



-out 


C/ 


^net,out = ^^net.out = (2300/60 rev/s Xl -25 1 kJ/rev) = 47.9 kW 


Discussion Note that for 2-stroke engines, 1 thermodynamic cycle is equivalent to 1 mechanical cycle (and thus 
revolutions). 
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9-62 An ideal dual cycle has a compression ratio of 18 and cutoff ratio of 1.1. The power produced by the cycle is to be 
determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K, c v = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k = 1.4 (Table A-2a). 

Analysis We begin by fixing the temperatures at all states. 


t 2 =t x 


P 2 =Px 




k - 1 


v^2 y 




= T x r k ~ l = (291 K)(l8) L4_1 = 924.7 K 


V V 2 J 


= P x r k =(90kPa)(l8) 14 = 5148kPa 


P x = P 3 = r p P 2 = (l.l)(5148kPa) = 5663 kPa 



t x =t 2 


r P \ 

x 

K P 2 J 


= (924.7 K) 


5663 kPa 


5148 kPa 
T 3 =r c T x = (1.1)(1017 K) = 1 1 19 K 


t 4 =t 3 


= 1017 K 


f \ 

t/o 

k - 1 

(r c ) 

k - 1 

n.n 

J 

= r 3 


= (1119 K) 



V r J 


v 18 J 


1.4-1 


= 365.8 K 


Applying the first law to each of the processes gives 

w 7 ! 2 = (T 2 -T x ) = (0.718 kJ/kg • K)(924.7 - 291)K = 455.0 kJ/kg 

q x _ 3 = c p (T 3 - T x ) = (1.005 kJ/kg • K)(l 1 19- 1017) K = 102.5 kJ/kg 
w x _ 3 = q x _ 3 - cv (r 3 -r v ) = 102.5 - (0.718 kJ/kg • K)(l 1 19 - 1017)K = 29.26 kJ/kg 
w 3 _ 4 = c, (T 3 -T 4 ) = (0.718 kJ/kg • K)(l 1 19 -365.8)K = 540.8 kJ/kg 
The net work of the cycle is 

w net - w 3-4 + w x -3 ~ w \-2 = 540.8 + 29.26 - 455.0 = 1 15. 1 kJ/kg 
The mass in the device is given by 


m = 




(90kPa)(0.003m 3 ) 


= 0.003233 kg 


RT { (0.287 kPa • m 3 /kg • K)(291 K) 

The net power produced by this engine is then 

Wnet = mw net^ = (0.003233 kg/cycle)(l 15. 1 kJ/kg)(4000/60 cycle/s) = 24.8 kW 
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9-63 A dual cycle with non-isentropic compression and expansion processes is considered. The power produced by the 
cycle is to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K, = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k = 1.4 (Table A-2a). 


Analysis We begin by fixing the temperatures at all states. 


T 2s = Ti 




k-\ 


\VlJ 


= T x r k ~ x =(291K)(18) 1 - 4 “ 1 = 924.7 K 


V = 


t 2s , 


T 2 -T\ 


,T 2 =T l+ = (29 1 K) + (9247 - 29 1} K = 1037 K 


ii 


0.85 


P 2 =P { 


r \ k 


\”2J 


= P x r k = (90 kPa)(l8) 1-4 = 5148kPa 



P x = P 3 = r p P 2 = (l.l)(5148kPa) = 5663 kPa 


t x =t 2 


K P 2 J 


= (1037 K) 


5663 kPa 
5148 kPa 


= 1141 K 


r 3 =r c T x = (1.1)(1 141 K) = 1255 K 


f \ 

k-\ 

( r c > 

k - 1 

n.n 

J 

=t 3 


= (1255 K) 



V r J 


V 18 y 


= 410.3 K 


/7 = ^ >T 4 = T 3 -?i(T 3 ~T 4s ) = (1255 K) - (0.90)(1255 -410.3) K = 494.8 K 

~ T 4s 

Applying the first law to each of the processes gives 

w 12 = c v ( T 2 -T { ) = (0.7 1 8 kJ/kg • K)(1037 - 29 1)K = 535.6 kJ/kg 

q x _ 3 = c p (T 3 -T x ) = (1.005 kJ/kg • K)(1255 -1 141)K = 1 14.6 kJ/kg 


w*_ 3 = q x _ 3 - c v (T 3 - T x ) = 1 14.6 - (0.7 1 8 kJ/kg • K)(1255 - 1 141)K = 32.75 kJ/kg 
w 3 _ 4 = (T 3 -T 4 ) = (0.7 1 8 kJ/kg • K)(1255 - 494. 8)K = 545.8 kJ/kg 

The net work of the cycle is 

w net - w 3-4 + w x-3 _ w i-2 = 545.8 + 32.75 - 535.6 = 42.95 kJ/kg 

The mass in the device is given by 

PM (90kPa)(0.003m 3 ) nnnooooi 

m = = = 0.003233 kg 

RT X (0.287 kPa-m 3 /kg-K)(29 IK) 

The net power produced by this engine is then 

W n et = mw net^ = (0.003233 kg/cycle)(42.95 kJ/kg) (4000/60 cycle/s) = 9.26 kW 
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9-64E An ideal dual cycle has a compression ratio of 15 and cutoff ratio of 1.4. The net work, heat addition, and the 
thermal efficiency are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are R = 0.3704 psia-ft 3 /lbm.R (Table A- IE), c p = 0.240 Btu/lbm-R, 
c u = 0.171 Btu/lbm-R, and k = 1.4 (Table A-2Ea). 

Analysis Working around the cycle, the germane properties at the various states are 


T 2 = T l 




k - 1 




= T x r k ~ l = (535 R)(l5) 14_1 =1580 R 


Pi=Px 




V V 2 J 


= P 1 r k = (14.2 psia)(l5) 1,4 = 629.2 psia 


P x - P 3 - r p P 2 - (1 . 1)(629.2 psia) = 692. 1 psia 

692.1 psia ^ 


t x =t 2 


t 3 =t x 


r p \ 

1 X 


V P 2 ) 




= (1580R) 



= 1738 R 


v y 


629.2 psia 
= T x r c = (1738 R)(1.4) = 2433 R 


1 

f \ 

Vn 

k- 1 


k- 1 

f L4 ) 

II 

J 

= t 3 


= (2433 R) 


l V 4 J 


V r J 


V 15 y 


1.4-1 


= 942.2 R 


Applying the first law to each of the processes gives 

Wl _ 2 = Cy (T 2 -T x ) = (0.171 Btu/lbm • R)(l 580 - 535)R = 178.7 Btu/lbm 

q 2 x = C{/ (T X -T 2 ) = (0.171 Btu/lbm -R)(1738-1580)R = 27.02 Btu/lbm 
q x _ 3 = c p (T 3 -T x ) = (0.240 Btu/lbm- R)(2433-1738)R = 166.8 Btu/lbm 

v^x -3 = Vx -3 ~ c v ( h ~T X ) = 1 66.8 Btu/lbm -(0.171 Btu/lbm • R)(2433 - 1 738)R = 47.96 Btu/lbm 
w 3 _ 4 = c v (T 3 - T 4 ) = (0. 17 1 Btu/lbm • R)(2433 - 942.2)R = 254.9 Btu/lbm 
The net work of the cycle is 

Wnet - w 3-4 +H7 \--3 ~ w \-2 ~ 254.9 + 47.96-178.7 =124.2 Btu/lbm 
and the net heat addition is 

q in =q 2 ~ x +( lx - 3 =27.02 + 166.8 = 193.8 Btu/lbm 
Hence, the thermal efficiency is 

w net 124.2 Btu/lbm 


1 th = 


q in 193.8 Btu/lbm 


= 0.641 
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9-65 A six-cylinder compression ignition engine operates on the ideal Diesel cycle. The maximum temperature in the cycle, 
the cutoff ratio, the net work output per cycle, the thermal efficiency, the mean effective pressure, the net power output, and 
the specific fuel consumption are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at 850 K are c p = 1.1 10 kJ/kg-K, c v = 0.823 kJ/kg-K, R = 0.287 kJ/kg-K, and k = 1.349 
(Table A-2b). 

Analysis (a) Process 1-2: Isentropic compression 


T 2 =T\ 


P 2 =P1 


r \*-i 






= (340 K)(l9) 1349 1 =950. IK 


\ V 2J 


= (95 kPa)(l9) 1349 = 5044 kPa 


The clearance volume and the total volume of the engine at the 
beginning of compression process (state 1) are 


r = 


</ c +</ d 


{/ 


_ 1/+ 0.0045 m 

+ 19 = — 


1/ 



l/ c =0.0001778 m 3 

V x = V C +V d =0.0001778 + 0.0032 = 0.003378 m : 
The total mass contained in the cylinder is 


m = 


m 


(95 kPa)(0. 003378 m 3 ) 


RT X (0.287 kPa • m 3 /kg • K|340 K) 
The mass of fuel burned during one cycle is 


= 0.003288 kg 


AF = 


m. 


m - m 


f 


+ 28 = 


(0.003288 kg) -m 


f 


m 


'-f m f 

Process 2-3: constant pressure heat addition 

Q. n = m f q HV r] c = (0.0001 134 kg)(42,500 kJ/kg)(0.98) = 4.723 kJ 

Q m = mc v (T 3 -T 2 ) > 4.723 kJ = (0.003288 kg)(0.823kJ/kg.K)(r 3 -950.1)K 

The cutoff ratio is 

r 3 2244 K 


m 


f 


+ Mj =0.0001 134 kg 


+ P = 2244 K 


a=+= 


2.362 


T 2 950.1 K 


(b) 


lj=0.003378m^ 3 

r 19 


l/, =y?t/ 2 = (2.362X0.0001778 m 3 ) = 0.0004199 m 3 


^ 4=^1 

P,=Pl 
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Process 3-4: isentropic expansion. 


r 4 =r 3 


p a =p. 


'up *" 1 


= (2244 K 


0.0004199 m 
0.003378 nr 


3 x 1.349-1 


= 1084 K 




= (5044 kPa 


0.0004199 m 


3 V - 349 


= 302.9 kPa 


0.003378 

7 

Process 4-1: constant voume heat rejection. 

Gout = mc v (r 4 - Ti )= (0.003288 kg)(0.823 kJ/kg • K)(l084 - 340 )K = 2.013 kJ 
The net work output and the thermal efficiency are 


W, 


net, out 


- Qin - 2out - 4.723 - 2.013 = 2.710 kJ 


*7th = 


^net,out 2.710 kJ 


= 0.5737 = 57.4% 


Q m 4.723 kJ 
(c) The mean effective pressure is determined to be 


MEP = 


W, 


net, out 


2.710 kJ 


t'l - V 2 (0.003378 - 0.0001778)m 3 


/ kPa -m 3 ^ 

kJ 


847 kPa 


(d) The power for engine speed of 1750 rpm is 


n 


Wnet = w net “ = (2.710 kJ/cycle) 


1750 (rev/min) 


1 min 
60s 


A 


= 39.5 kW 


(2 rev/cycle) 

Note that there are two revolutions in one cycle in four-stroke engines. 
(e) Finally, the specific fuel consumption is 


sfc = 


m f 0.0001134 kg 


W, 


net 


2.710 kJ/kg 


1000 g 
lkg 


A/ 


3600 kJ 
lkWh 


A 


= 151g/kWh 
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9-66 An expression for cutoff ratio of an ideal diesel cycle is to be developed. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Analysis Employing the isentropic process equations, 

T 2 = T l r k ~ 1 

while the ideal gas law gives 
T,=T 2 r c =r c r k -% 

When the first law and the closed system work integral is applied to the 
constant pressure heat addition, the result is 

q i n=c p (T 3 -T 2 )= Cp (r c r k - l T l ~r k - 1 T l ) 



When this is solved for cutoff ratio, the result is 


r =1 + 


q 


in 


k — 1 rji 

r T x 


c 
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9-67 An expression for the thermal efficiency of a dual cycle is to be developed and the thermal efficiency for a given case 
is to be calculated. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K, = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k=\A (Table A-2) 

Analysis The thermal efficiency of a dual cycle may be expressed as 

_ 1 gout c v ( t 4 -r t ) 

th q m c„(T x -T 2 ) + c p (T 3 -T x ) 

By applying the isentropic process relations for ideal gases with constant specific heats to the processes 1-2 and 3-4, as well 
as the ideal gas equation of state, the temperatures may be eliminated from the thermal efficiency expression. This yields 
the result 


=1 


K 1 

r r — i 

' p ' c 1 


k - 1 


kr P O c -l) + r p -l 


where 


P t/o 

r p = ~t and rc = — 

Pl V* 


When r c = r p , we obtain 


7th =1 


k - 1 


k + 1 i 

r P - 1 


K k(r p ~r p ) + r p -1 J 


For the case r = 20 and r p = 2, 


7th =1 


20 


1.4-1 


2 1,4+1 -1 

1.4(2 2 —2) + 2-1 


0.660 
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9-68 An expression regarding the thermal efficiency of a dual cycle for a special case is to be obtained. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Analysis The thermal efficiency of a dual cycle may be expressed as 

_ , gout _ , c v (T 4 -Ty) 

th q m cJT x -T 2 ) + c p (T 3 -T x ) 

By applying the isentropic process relations for ideal gases with constant specific heats to the processes 1-2 and 3-4, as well 
as the ideal gas equation of state, the temperatures may be eliminated from the thermal efficiency expression. This yields 
the result 


n t h =1 


k - 1 


r r — 1 
' p ' c 1 


kr p (r c —Y)+r p - 1 


where 


r P = 


P* 

P, 


and r = — 


(/ 


When r c = r p , we obtain 


7th =1 


k-l 


r k+l -1 
p 


K k(r p -r p ) + r p -1 y 


Rearrangement of this result gives 

k+l _ , 

— 2^ = d -n±)r k -' 

k (r;- r p) + r p -1 
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9-69 The five processes of the dual cycle is described. The P-v and T-s diagrams for this cycle is to be sketched. An 
expression for the cycle thermal efficiency is to be obtained and the limit of the efficiency is to be evaluated for certain 
cases. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Analysis (a) The P-v and T-s diagrams for this cycle are as shown. 




(b) Apply first law to the closed system for processes 2-3, 3-4, and 5-1 to show: 

9„=CAT,-T 2 )+C„(T i -T,) 

9 =C,(T S -T,) 

The cycle thermal efficiency is given by 

c v (r 5 -7;) 


v, h = i 


V,„ = 1 


Qout | 

9,. “ C,(T,-T 2 )+C p (T.-T 3 ) 

|(r 3 /r 2 -i)+*§-(r 4 /r 3 -i) 

-M -M 


= 1 - 


r,(: 

T 5 /T x - 1 

) 

T! 

!Vr 3 -i 

) + kT,(TJT i - 1) 


Process 1-2 is isentropic; therefore, 


T 

__2 

T 


f T 7 A 


k - 1 


Yx 


= r 


k-\ 


1 V v 2 J 

Process 2-3 is constant volume; therefore, 

T PV P 

1 3 _ r 3 V 3 _ r 3 _ r 


t 2 p 2 v 2 p 2 


p 


Process 3-4 is constant pressure; therefore, 


P,V 4 _P 3 V 3 _ T L= V ± = r 


T a 


p 


T V 

L 3 y 3 


k - 1 


4 3 

Process 4-5 is isentropic; therefore, 

A 

t 4 

Process 5-1 is constant volume; however T 5 /Tj is found from the following. 


f V - 

k - 1 


k - 1 

\ ry, ] 

k - 1 

\ ry ) 

k-1 

ro 

IlJ 


AiJ 


J 


V v; J 


l r y 


t ± = t ± t ± t l t^ = 
P T 4 t 3 t 2 t x 


f y \ k - X 

' c 


\ r J 


l- 1 h 

l - l - 1 y y 

' c ' p' ~ ' c ' p 
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The ratio T?JT\ is found from the following. 

.k - 1 


T T T 

1 3 _ 1 3 1 2 


T T T 

1 \ 1 2 1 \ 


— rr 

p 


The efficiency becomes 

n, h = i 


k i 

r c r p - 1 


r ^( r p -1 ) + kr p r k ~ 1 [r c -l) 


(c) In the limit as r p approaches unity, the cycle thermal efficiency becomes 


WmT) th =\- 




lim 


r c ' r P -! 


r k -'(r p -\) + kr p r k 1 (r -l) 


limn, =1- 




k - 1 


r -l 


k(r c -l) 


= >h, 


Diesel 


(d) In the limit as r c approaches unity, the cycle thermal efficiency becomes 


lim 




lim 


k i 

r c r p -1 


r P 


' r* ' ( r P -1 ) + kr p r k 1 (r c -l) 


= 1 - 




ifc-1 


(v- 1 ) 


l 


lim/;,/, =1 — = rj th 


— >1 


Otto 
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Stirling and Ericsson Cycles 
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9-70C The Stirling cycle. 


9-71C The two isentropic processes of the Carnot cycle are replaced by two constant pressure regeneration processes in the 
Ericsson cycle. 


9-72C The efficiencies of the Carnot and the Stirling cycles would be the same, the efficiency of the Otto cycle would be 
less. 


9-73C The efficiencies of the Carnot and the Ericsson cycles would be the same, the efficiency of the Diesel cycle would 
be less. 


9-74 An ideal steady-flow Ericsson engine with air as the working fluid is considered. The maximum pressure in the cycle, 
the net work output, and the thermal efficiency of the cycle are to be determined. 

Assumptions Air is an ideal gas. 

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-l). 

Analysis (a) The entropy change during process 3-4 is 


and 


5 4 ^3 


^34, out 


150 kJ/kg 
300 K 


-0.5 kJ/kg • K 


s 4 -s 3 =c In 


Ta 

A 


<Po 


-R\n^~ 


A 


= -(0.287 kJ/kg • K)ln 


r 4 

120 kPa 


= -0.5 kJ/kg • K 



It yields P 4 = 685.2 kPa 

(b) For reversible cycles, 

— ~ <7out = (150 kJ/kg) = 600 kJ/kg 

q m T h T, 300 K 

Thus, 

^ net, out = q i n “ 4out = 600 - 150 = 450 kJ/kg 


(c) The thermal efficiency of this totally reversible cycle is determined from 


Ah =! 


T 


L 


T 


= 1 


H 


300K 

1200K 


= 75.0% 
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9-75 An ideal Stirling engine with air as the working fluid operates between the specified temperature and pressure limits. 
The net work produced per cycle and the thermal efficiency of the cycle are to be determined. 

Assumptions Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K, c„ = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k= 1.4 (Table A-2a). 


Analysis Since the specific volume is constant during process 2-3, 


T 

P 2 = I\ — = (100 kPa) 
T \ 


800 K 
300 K 


A 


= 266.7 kPa 


Heat is only added to the system during reversible process 1-2. Then, 


s 2 - S 1 = C p ln 


r r ^0 p 

± - Rln ^ 


r, 


p 


= 0- (0.287 kJ/kg • K)ln 


266.7 kPa 
2000 kPa 



= 0.5782 kJ/kg-K 

q-m = T \ 0 2 - ) = (800 K)(0.5782 kJ/kg • K) = 462.6 kJ/kg 
The thermal efficiency of this totally reversible cycle is determined from 


=1 


II 

Th 


300 K 
800 K 


0.625 


Then, 

w net =7,h'»7in = (0.625)(1 kg)(462.6 kJ/kg) = 289.1 kJ 
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9-76 An ideal Stirling engine with air as the working fluid operates between the specified temperature and pressure limits. 
The power produced and the rate of heat input are to be determined. 

Assumptions Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K, c„ = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k = 1.4 (Table A-2a). 

Analysis Since the specific volume is constant during process 2-3, 




77 


77 


= (100 kPa) 


800 K 
300 K 


7 


= 266.7 kPa 


Heat is only added to the system during reversible process 1-2. Then, 


s 2 - S 1 = C p ln 


Ti 

T , 


<P0 


-Rln^- 

P 


= 0- (0.287 kJ/kg • K)ln 


266.7 kPa 


2000 kPa 

V / 

= 0.5782 kJ/kg-K 

q-m = T \ 0 2 -s x ) = (800 K)(0.5782 kJ/kg • K) = 462.6 kJ/kg 
The thermal efficiency of this totally reversible cycle is determined from 


7th =! 


T 


L 


T 


= 1 


H 


300 K 
800 K 


= 0.625 


Then, 


Wnet ~ 7 th m q in = (0.625)( 1 kg)(462.6 kJ/kg) = 289. 1 kJ 
The rate at which heat is added to this engine is 

Q - mq h - (1 kg/cycle)(462.6 kJ/kg)( 1300/60 cycle/s) = 10,020 kW 



while the power produced by the engine is 

^net = Wnet^ =)(289. 1 kJ/cycle)(l 300/60 cycle/s) = 6264 kW 
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9-77 An ideal Ericsson cycle operates between the specified temperature limits. The rate of heat addition is to be 
determined. 


9-58 


Analysis The thermal efficiency of this totally reversible cycle is determined 
from 


T l 280 K 

Tn~ 900 K 


0.6889 


According to the general definition of the thermal efficiency, the rate of heat 
addition is 




500 kW 
0.6889 


= 726 kW 



9-78 An ideal Ericsson cycle operates between the specified temperature limits. The power produced by the cycle is to be 
determined. 


Analysis The power output is 500 kW when the cycle is repeated 2000 times 
per minute. Then the work per cycle is 


W 


500 kJ/s 


net 


h (2000/60) cycle/s 


= 15 kJ/cycle 


When the cycle is repeated 3000 times per minute, the power output will be 
W ne t = ^net = (3000/60 cycle/s)( 15 kJ/cycle)= 750 kW 



9-79E An ideal Stirling engine with air as the working fluid is considered. The temperature of the source-energy reservoir, 
the amount of air contained in the engine, and the maximum air pressure during the cycle are to be determined. 


Assumptions Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are R = 0.3704 psia-ft 3 /lbm.R (Table A- IE), c p = 0.240 Btu/lbm-R, 
c w =0.171 Btu/lbm-R, and k = 1.4 (Table A-2Ea). 


Analysis From the thermal efficiency relation, 


W, 


7th = 


net 


Gin 


= 1 


T 


L 


T 


2 Btu , 510 R 

-> = 1 


H 


6 Btu 


T 


+ T h = 765 R 


H 


State 3 may be used to determine the mass of air in the system, 


m = 


^ 3^3 


(10psia)(0.5ft 3 ) 


RT 3 (0.3704 psia- ft 3 /lbm-R)(5 10 R) 

The maximum pressure occurs at state 1, 


= 0.02647 Ibm 




mRT\ 

"T” 


(0.02647 lbm)(0.3704 psia ■ ft 3 /lbm • R)(765 R) 

0.06 ft 3 


125 psia 
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9-80E An ideal Stirling engine with air as the working fluid is considered. The temperature of the source-energy reservoir, 
the amount of air contained in the engine, and the maximum air pressure during the cycle are to be determined. 


Assumptions Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are R = 0.3704 psia-ft 3 /lbm.R, c p = 0.240 Btu/lbm-R, c v =0.171 
Btu/lbm-R, and k = 1.4 (Table A-2E). 


Analysis From the thermal efficiency relation, 

Vth = 


^net _ 1 T l 


2.5 Btu , 510R 
> = 1 


Gin 


T 


H 


6 Btu 


T 


>T h = 874 R 


H 


State 3 may be used to determine the mass of air in the system, 


m = 




(10psia)(0.5ft 3 ) 


RT 3 (0.3704 psia- ft 3 /lbm-R)(5 10 R) 


= 0.02647 Ibm 



The maximum pressure occurs at state 1, 



mRT x 


(0.02647 lbm)(0.3704 psia ■ ft 3 /lbm • R)(874 R) 

0.06 ft 3 


143 psia 


9-81 An ideal Stirling engine with air as the working fluid operates between specified pressure limits. The heat added to the 
cycle and the net work produced by the cycle are to be determined. 


Assumptions Air is an ideal gas with constant specific heats. 


• • • 3 

Properties The properties of air at room temperature are R = 0.287 kPa-m /kg.K, c p = 1.005 kJ/kg-K, c v = 0.718 kJ/kg-K, 
and k = 1.4 (Table A-2a). 


Analysis Applying the ideal gas equation to the isothermal process 3-4 gives 


v 


P 4 = P 3 — = (50 kPa)(12) = 600 kPa 


v 


Since process 4-1 is one of constant volume, 


T \ = T 4 


'Pi' 




= (298 K) 


3600 kPa 


= 1788 K 


600 kPa , 

Adapting the first law and work integral to the heat addition process gives 



q [n =vtq_ 2 = RT x \n — = (0.287 kJ/kg • K)(1788 K)ln(12) = 1275 kJ/kg 
Similarly, 


(/ 


< 7 out = w 3-4 = In— L = (0.287 kJ/kg • K)(298 K)ln 




re 

v 12. 


212.5 kJ/kg 


The net work is then 

Wnet =?in-^out = 1275 - 2 12.5 = 1 063 kJ/kg 
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9-82 An ideal Stirling engine with air as the working fluid operates between specified pressure limits. The heat transfer in 
the regenerator is to be determined. 

Assumptions Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are R = 0.287 kPa-nr/kg.K, c p = 1.005 kJ/kg-K, c v = 0.718 kJ/kg-K, 
and k = 1.4 (Table A-2a). 

Analysis Applying the ideal gas equation to the isothermal process 3-4 gives 



Application of the first law to process 4-1 gives 


^ regen = (T x - T 4 ) = (0.7 1 8 kJ/kg ■ K)(l 788 - 298)K = 1 070 kJ/kg 
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Ideal and Actual Gas-Turbine (Brayton) Cycles 


9-61 


9-83C They are (1) isentropic compression (in a compressor), (2) P = constant heat addition, (3) isentropic expansion (in a 
turbine), and (4) P = constant heat rejection. 


9-84C For fixed maximum and minimum temperatures, (a) the thermal efficiency increases with pressure ratio, (b) the net 
work first increases with pressure ratio, reaches a maximum, and then decreases. 


9-85C Back work ratio is the ratio of the compressor (or pump) work input to the turbine work output. It is usually 
between 0.40 and 0.6 for gas turbine engines. 


9-86C In gas turbine engines a gas is compressed, and thus the compression work requirements are very large since the 
steady-flow work is proportional to the specific volume. 


9-87C As a result of turbine and compressor inefficiencies, (a) the back work ratio increases, and (b) the thermal efficiency 
decreases. 
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9-88E A simple ideal Brayton cycle with air as the working fluid has a pressure ratio of 10. The air temperature at the 
compressor exit, the back work ratio, and the thermal efficiency are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with variable specific heats. 

Properties The properties of air are given in Table A-17E. 

Analysis (a) Noting that process 1-2 is isentropic, 


T = 520 R 


h x = 124.27 Btu/lbm 
P, = 1.2147 


Pr, = 


Pi 

P 


P, =(10X1.2147)= 12.147 


r, = 996.5 R 


■» 


h 2 - 240.1 1 Btu/lbm 


(b) Process 3-4 is isentropic, and thus 

h 3 = 504.71 Btu/lbm 



= 2000 R 


P, =174.0 


P, = 


Pa 

Pr, 


Pr . - 


V 10y 


(174.0) = 17.4 > h 4 = 265.83 Btu/lbm 


w Ciin = h 2 -h x = 240.11-124.27 = 115.84 Btu/lbm 
w Ti out = h 3 ~ h 4 = 504.71-265.83 = 238.88 Btu/lbm 

Then the back- work ratio becomes 


(c) 


1 bw 


^C,in 

W T,out 


115.84 Btu/lbm 
= 48.5 % 

238.88 Btu/lbm 


q. m =h 3 -h 2 = 504.7 1 - 240. 1 1 = 264.60 Btu/lbm 
^ net, out “ w T,out _ w c,in = 238.88 - 1 15.84 = 123.04 Btu/lbm 


w 


7th = 


net, out 


7i 


in 


123.04 Btu/lbm ^ 

= 46.5% 

264.60 Btu/lbm 
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9-89 A simple Brayton cycle with air as the working fluid has a pressure ratio of 10. The air temperature at the 
turbine exit, the net work output, and the thermal efficiency are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard 
assumptions are applicable. 3 Kinetic and potential energy changes are 
negligible. 4 Air is an ideal gas with variable specific heats. 

Properties The properties of air are given in Table A- 17. 

Analysis (a) Noting that process l-2s is isentropic, 


T x = 295 K 


h x - 295.17 kJ/kg 
P r =1.3068 

'i 




n c 


Pi 

p. 


P,. =(l0Xl.3068)= 13.07 > h 2s = 570.26 kJ/kg and T ls = 564.9 K 


h 2s ~ h \ 

h 2 - h x 


-> h 2 = h\ + 


h ls - h l 

He 


P 3 = 1240 K 


onc ,, , 570.26-295.17 ^ ^ 

= 295.17 + = 626.60 kJ/kg 

0.83 


h 3 =1324.93 kJ/kg 
P r =272.3 

r 3 



?1 T 


Ia 

Pi 

hi 

h 3 


-h 4 

~ h 4 s 


f— 1 
,10, 


(272.3)= 27.23 


> h As = 702.07 kJ/kg and T 4s = 689.6 K 


> h 4 - h 2 r] T (h 2 h 4s ) 

= 1324.93 - (0.87Xl324.93 - 702.07) 
= 783.04 kJ/kg 


Thus, 


(b) 


(c) 


T a = 764.4 K 


q m = h 3 - h 2 =1324.93 - 626.60 = 698.3 kJ/kg 
q oui =h 4 -h x =783.04- 295.17 = 487.9 kJ/kg 
^ net, out = <lm ~ ^out = 698.3 - 487.9 = 210.4 kJ/kg 


^ net, out 

7th = 

7in 


210.4 kJ/kg 
698.3 kJ/kg 


0.3013 = 30.1% 
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9-90 Problem 9-89 is reconsidered. The mass flow rate, pressure ratio, turbine inlet temperature, and the isentropic 

efficiencies of the turbine and compressor are to be varied and a general solution for the problem by taking advantage of the 
diagram window method for supplying data to EES is to be developed. 

Analysis Using EES, the problem is solved as follows: 


"Input data - from diagram window" 

{P_ratio = 1 0} 

{T[1] = 295 [K] 

P[1]= 100 [kPa] 

T[3] = 1 240 [K] 
m_dot = 20 [kg/s] 

Eta_c = 83/100 
Eta_t = 87/100} 

"Inlet conditions" 

h[1 ]=ENTHALPY(Air,T=T[1 ]) 

s[1]=ENTROPY(Air,T=T[1],P=P[1]) 

"Compressor anaysis" 

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor" 

P_ratio=P[2]/P[1]"Definition of pressure ratio - to find P[2]" 

T_s[2]=TEMPERATURE(Air,s=s_s[2],P=P[2]) "T_s[2] is the isentropic value of T[2] at compressor exit" 
h_s[2]=ENTHALPY(Air,T=T_s[2]) 

Eta_c =(h_s[2]-h[1])/(h[2]-h[1]) "Compressor adiabatic efficiency; Eta_c = W_dot_c_ideal/W_dot_c_actual. " 
m_dot*h[1] +W_dot_c=m_dot*h[2] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 
"External heat exchanger analysis" 

P[3]=P[2]"process 2-3 is SSSF constant pressure" 
h[3]=ENTHALPY(Air,T=T[3]) 

m_dot*h[2] + Q_dot_in= m_dot*h[3]"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0" 

"Turbine analysis" 
s[3]=ENTROPY(Air,T=T[3],P=P[3]) 

s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine" 

P_ratio= P[3] /P[4] 

T_s[4]=TEMPERATURE(Air,s=s_s[4],P=P[4]) "Ts[4] is the isentropic value of T[4] at turbine exit" 
h_s[4]=ENTHALPY(Air,T=T_s[4]) "Eta_t = W_dot_t /Wts_dot turbine adiabatic efficiency, Wts_dot > W_dot_t" 
Eta_t=(h[3]-h[4])/(h[3]-h_s[4]) 

m_dot*h[3] = W_dot_t + m_dot*h[4] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 
"Cycle analysis" 

W_dot_net=W_dot_t-W_dot_c"Definition of the net cycle work, kW" 

Eta=W_dot_net/Q_dotJn"Cycle thermal efficiency" 

Bwr=W_dot_c/W_dot_t "Back work ratio" 

"The following state points are determined only to produce a T-s plot" 

T[2]=temperature(air,h=h[2]) 

T[4]=temperature(air,h=h[4]) 

s[2]=entropy(air,T=T[2],P=P[2]) 

s[4]=entropy(air,T=T[4],P=P[4]) 
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Bwr 

*n 

P ratio 

w c 

fkwi 

w net 

[kWl 

W, 

[kWl 

Qin 

[kW] 

0.5229 

0.1 

2 

1818 

1659 

3477 

16587 

0.6305 

0.1644 

4 

4033 

2364 

6396 

14373 

0.7038 

0.1814 

6 

5543 

2333 

7876 

12862 

0.7611 

0.1806 

8 

6723 

2110 

8833 

11682 

0.8088 

0.1702 

10 

7705 

1822 

9527 

10700 

0.85 

0.1533 

12 

8553 

1510 

10063 

9852 

0.8864 

0.131 

14 

9304 

1192 

10496 

9102 

0.9192 

0.1041 

16 

9980 

877.2 

10857 

8426 

0.9491 

0.07272 

18 

10596 

567.9 

11164 

7809 

0.9767 

0.03675 

20 

11165 

266.1 

11431 

7241 
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9-91 A simple Brayton cycle with air as the working fluid has a pressure ratio of 10. The air temperature at the turbine exit, 
the net work output, and the thermal efficiency are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4 (Table A-2). 

Analysis (a) Using the compressor and turbine efficiency relations, 


t 2s =t i 




{k-\)/k 


kO.4/1.4 


K P i J 


f ^ X 


= (295K)(lO) ( '' +/1 ‘ + = 569.6 K 


T 4 .S ~ ^3 


P 


V P 3 J 


{k-\)/k 


= (1240k{ 


1_ 

\10 


\ 0.4/ 1.4 


Vc = 


h ls -h 3 _ c p (jis - p i) 
c P {T 2 -Ti) 


h 2 ~ h x 


To — T\ + 


= 642.3 K 

T 2s ~ ^ 


= 295 + 


7!t = 


h 3 - h 4 


c 


T -t 4 ) 


1c 

569.6 - 295 
083 


= 625.8 K 


h 3 -h 4s c p (T 3 -T 4s ) 


-> T 4 - T 3 r/j (r 3 t 4s ) 

= 1240 - (0.87)(l240 - 642.3) 

= 720 K 



(b) q m = h 3 - h 2 = c p (: T 3 - T 2 )= (l .005 kJ/kg • K)(l240 - 625. 8)K = 617.3 kJ/kg 
q oat = h 4 - hi = c p (T 4 -T 3 )= (1.005 kJ/kg • K)(720 - 295 )K = 427.1 kJ/kg 
w net.out =7m “ 9 out = 617.3 - 427.1 = 190.2 kJ/kg 


(c) 


^net,out 

^th = 

<7in 


190.2 kJ/kg 

617.3 kJ/kg 


= 0.3081 = 30.8% 
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9-92E A simple ideal Bray ton cycle with helium has a pressure ratio of 14. The power output is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Helium is an ideal gas with constant specific heats. 

Properties The properties of helium are c p = 1.25 Btu/lbm-R and k = 1.667 (Table A-2Ea). 

Analysis Using the isentropic relations for an ideal gas, 



Applying the first law to the constant-pressure heat addition process 2-3 produces 
q . m = c p (T 3 -T 2 ) = (1.25 Btu/lbm- R )(1 7 60 -1495)R = 331.3Btu/lbm 


Similarly, 

q out = c p (T a -T { ) = (1.25 Btu/lbm- R)(612.2-520)R = 1 15.3 Btu/lbm 

The net work production is then 

w net = *7 in - 9out = 33 1 .3 - 1 15.3 = 216.0 Btu/lbm 
and 

^ 1 hr) ^ 

Wnet =^w ne t = (100 lbm/min)(2 16.0 Btu/lbm) = 509.3 hp 

42.41 Btu/min J 
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9-93E A simple Bray ton cycle with helium has a pressure ratio of 14. The power output is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Helium is an ideal gas with constant specific heats. 

Properties The properties of helium at room temperature are c p = 1.25 Btu/lbm-R and k = 1.667 (Table A-2Ea). 
Analysis For the compression process, 



For the isentropic expansion process, 

( P \ {k ~ X),k ( ( \ 0.667/1.667 

T a =T, -i- =r, — = (1760 R) — = 612.2 R 

UJ \r p j U J 

Applying the first law to the constant-pressure heat addition process 2-3 produces 
q in -c p (T 3 -T 2 ) = (1.25 Btu/lbm- R)(1760-1546)R = 267.5 Btu/lbm 

Similarly, 

q out = Cp (T 4 -T l ) = (1.25 Btu/lbm - R)(6 12.2 -520)R = 1 15.3 Btu/lbm 

The net work production is then 

w net -^in'^out = 267.5 - 1 15.3 = 152.2 Btu/lbm 
and 

^ 1 ht) 

W net = mw net = (1001bm/min)(152.2 Btu/lbm) = 358.9 hp 

42.41 Btu/min J 
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9-94 A simple Brayton cycle with air as the working fluid operates between the specified temperature and pressure limits. 
The effects of non-isentropic compressor and turbine on the back- work ratio is to be compared. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 

Analysis For the compression process, 


Tis = Tx 




K P U 


(k-l)/k 


= (288 K)(12)°' 4/1 ' 4 = 585.8 K 


V c = 


h 2s ~h ] _ c p (T 2s - T\) 
h 2 -h x c p (T 2 -r t ) 


* T 2 ~ T \ + 


T 2s -r, 


= 288 + 


Vc 

585.8-288 

0.90 


= 618.9 K 



For the expansion process, 


^ As -T 3 


f Pa ^ 


J 


(k-\)/k 


= (873 K) 


m 

v 12 y 


7!t = 


h 3 -h 4 _ c p (T 3 T 4 ) 

h 3 ~ h As c ,A T 3 ~ T As) 


0 . 4 / 1.4 

= 429.2 K 


> r 4 - T 3 rj T (T 3 T 4s ) 

= 873 -(0.90X873 -429.2) 
= 473.6 K 


The isentropic and actual work of compressor and turbine are 

Wcomp,. s = C P (T 2s — ^i) = (1.005 kJ/kg- K)(585.8- 288)K = 299.3 kJ/kg 

^comp =c p (T 2 - 7 \) = (1. 005 kJ/kg ■ K)(61 8.9- 288)K = 332.6 kJ/kg 

^Turb,, = c p (T 3 -T 4s ) = (1 .005 kJ/kg • K)(873 - 429.2)K = 446.0 kJ/kg 

W Turb =c p (T 3 -T 4 ) = ( 1 .005 kJ/kg • K )(873 - 473.6)K = 401 .4 kJ/kg 

The back work ratio for 90% efficient compressor and isentropic turbine case is 

W Comp _ 332.6 kJ/kg 
bW Wturb.v 446.0 kJ/kg 


The back work ratio for 90% efficient turbine and isentropic compressor case is 




1 bw 


Comp,.v 


w 


Turb 


299.3 kJ/kg _ q 7456 

40 1.4 kJ/kg 


The two results are almost identical. 
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9-95 A gas turbine power plant that operates on the simple Brayton cycle with air as the working fluid has a specified 
pressure ratio. The required mass flow rate of air is to be determined for two cases. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are 
c p = 1.005 kJ/kg-K and £=1.4 (Table A-2). 

Analysis (a) Using the isentropic relations, 

f n \N/* 


1000 K 


T 2 s = T x 


s -T'z 


(k-\)/k 


= (300 K)(l2) 


- (1 »oo K \ri 


0 . 4 / 1.4 


= 610.2 K 


0 . 4 / 1. 4 


= 491.7 K 


300 K 



>, C , in = h 2 s -h\ =c p {t 2s -r 1 )=(l.005 kJ/kg-KX610.2-300)K = 311.75 kJ/kg 
s,T,out = h 3 ~K = c p( T 3 -T 45 ) = (l.005 kJ/kg-KXl000-491.7)K = 510.84kJ/kg 


w s, net, out = Ws,T,out “ ^s.C.in = 510.84-311.75 = 199.1 kJ/kg 
= = 70.000 kJ/s = 352 kg/s 


s, net, out 


199.1 kJ/kg 


(. b ) The net work output is determined to be 

W a, net, out = W a,T,out _ W a,C,in = V T W s,T,out _ W s,C,in ^ C 

= (0.85X5 10.84)- 3 11.75/0.85 = 67.5 kJ/kg 

^net,out 70,000 kJ/s 
m a = : = = 1037 kg/s 


a, net, out 


67.5 kJ/kg 
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9-96 An actual gas-turbine power plant operates at specified conditions. The fraction of the turbine work output used to 
drive the compressor and the thermal efficiency are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with variable specific heats. 

Properties The properties of air are given in Table A- 17. 

Analysis (a) Using the isentropic relations, 

7] = 300 K > h x = 300.19 kJ/kg 

> h 2 = 586.04 kJ/kg 


T 2 = 580 K 


Po 700 


r P = 


P x 100 


= 7 


q. m =h 3 -h 2 > h 3 = 950 + 586.04 = 1536.04kJ/kg 

-+P, =474.11 



Thus, 


(b) 


P.. = 


Pi 


K = 


r i \ 


v7y 


(474.1 1) = 67.73 > h As = 905.83 kJ/kg 


w c,in = h 2 ~ h \ = 586 - 04 - 300. 19 = 285.85 kJ/kg 
w T ,out = r) T (h 3 -h 4s )= (0.86X1536.04 -905. 83) =542.0 kJ/kg 


w 


l bw 


c,in 285.85 kJ/kg 


= 52 . 7 % 


^T.out 542 -° kJ/kg 
^net.out = ^T.out ~ ^c.in = 542.0-285.85 = 256.15 kJ/kg 


w 


7th = 


net,out 


7, 


in 


256.15 kJ/kg 
950 kJ/kg 


= 27 . 0 % 
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9-97 A gas-turbine power plant operates at specified conditions. The fraction of the turbine work output used to drive the 
compressor and the thermal efficiency are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard 
assumptions are applicable. 3 Kinetic and potential energy changes are p 

negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are 
c p = 1.005 kJ/kg-K and k= 1.4 (Table A-2). 

Analysis ( a ) Using constant specific heats, 


580 K 


950 kJ/kg 


Thus, 


r P = 


P x 100 


300 K 


'in =h 3 -h 2 =C p (T 3 -T : 


T 3 = T 2 +<ljc p 

= 580 K + (950 kJ/kg )/(l. 005 kJ/kg • K) 


= 1525.3 K 


(p V k - 1)/k (\ 

T 4 s=T 3 ^- = (1525.3 K - 


0.4/1. 4 


= 874.8 K 


w c in = h 2 -h t =C P (T 2 -T t )= (l ,005kJ/kg • K)(580 - 300)K = 28 1 .4 kJ/kg 

w T ,out =?7r( /l 3 ~ h As) = VTC P ( T 3 -r 4j )= (0.86Xl.005 kJ/kg-KXl525.3-874.8)K = 562.2 kJ/kg 


f bw 


w c , m _ 281.4 kJ/kg 
W T,out 562 ' 2 kJ/kg 


= 50 . 1 % 


w net,out = w T,out - w c.in = 562.2-281.4 = 280.8 kJ/kg 

w net,out 280.8 kJ/kg 

r/ lh = = = 29 . 6 % 

q m 950 kJ/kg 
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9-98 An aircraft engine operates as a simple ideal Brayton cycle with air as the working fluid. The pressure ratio and the 
rate of heat input are given. The net power and the thermal efficiency are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 

Analysis For the isentropic compression process, 

T 2 =T i r < v k ~ ])lk = (273 K)(10)°' 4/1 ' 4 = 527.1 K 


The heat addition is 


4in = 


Q m 500 kW 


= 500 kJ/kg 


m lkg/s 

Applying the first law to the heat addition process, 

*7 in =C p (T 3 - T 2 ) 

<7in , T 7~ . 500 kJ/kg 



T 3 -T 2 + 


= 527.1 K 


= 1025 K 


c 


p 1.005 kJ/kg-K 

The temperature at the exit of the turbine is 




r \(k-l )!k 


\ r p J 


= (1025 K) 


r ^ \ 0 . 4 / 1. 4 

vlOy 


= 530.9 K 


Applying the first law to the adiabatic turbine and the compressor produce 
w T = c p (T 3 -T a ) = (1.005 kJ/kg • K)(1025-530.9)K = 496.6 kJ/kg 


w c =c p (T 2 - r, ) = (1 .005 kJ/kg • K)(527. 1 - 273)K = 255.4 kJ/kg 
The net power produced by the engine is then 

W net = m(w T - w c ) = (1 kg/s)(496.6 - 255.4)kJ/kg = 241 .2 kW 
Finally the thermal efficiency is 


7th 




241.2 kW 
500 kW 


0.482 
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9-99 An aircraft engine operates as a simple ideal Brayton cycle with air as the working fluid. The pressure ratio and the 
rate of heat input are given. The net power and the thermal efficiency are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 

Analysis For the isentropic compression process, 

T 2 =T i r < v k ~ ])lk = (273 K)(15)°' 4/1 ' 4 = 591.8 K 


The heat addition is 


4in = 


Q m 500 kW 


= 500 kJ/kg 


m lkg/s 

Applying the first law to the heat addition process, 

*7 in =C p (T 3 ~T 2 ) 

<7,n ™ 10 ^. 500 kJ/kg 




= 591.8 K 


= 1089 K 


c 


p 1.005 kJ/kg-K 

The temperature at the exit of the turbine is 




r )!k 


\ r p J 


= (1089 K) 


f ^ 0.4/1. 4 

v 15 y 


= 502.3 K 



Applying the first law to the adiabatic turbine and the compressor produce 
w T = c p (T 3 -T 4 ) = (1.005 kJ/kg - K)(l 089- 502.3) K = 589.6 kJ/kg 


w c =c p (T 2 - r, ) = (1 .005 kJ/kg • K)(591.8 - 273)K = 320.4 kJ/kg 
The net power produced by the engine is then 

W net = m(w T - w c ) = (1 kg/s)(589.6 - 320.4)kJ/kg = 269.2 kW 
Finally the thermal efficiency is 


7th 




269.2 kW 
500 kW 


0.538 
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9-100 A gas-turbine plant operates on the simple Brayton cycle. The net power output, the back work ratio, and the thermal 
efficiency are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 

Properties The gas constant of air is R = 0.287 kJ/kg-K (Table A-l). 


Analysis ( a ) For this problem, we use the properties from EES software. 
Remember that for an ideal gas, enthalpy is a function of temperature 
only whereas entropy is functions of both temperature and pressure. 

Process 1-2: Compression 


T x = 40°C >h x = 313.6 kJ/kg 

T x = 40 °C 


P x = 100 kPa 


■s x = 5.749 kJ/kg • K 


P 2 = 2000 kPa 

s 2 = Sl = 5.749 kJ/kg.K 


h 2s = 736.7 kJ/kg 


Pc = 


h 2s ~ h \ 


h 2 -h x 


->0.85 = 


736.7-313.6 
h 2 -313.6 


2 + 



100 kPa 
40°C 


->/z 2 = 81 1.4 kJ/kg 



Combustion 



chamber 


' 2 MPa 

3 - 



650°C 


Process 3-4: Expansion 


T 4 = 650°C >h 4 =959.2 kJ/kg 


Pi = 


h 3 - h 4 
h 3 -h 4s 


> 0.88 = 


h 3 -959.2 

h 3 ~ h 4s 


We cannot find the enthalpy at state 3 directly. However, using the following lines in EES together with the isentropic 
efficiency relation, we find h 3 = 1873 kJ/kg, T 3 = 142 1°C, £3 = 6.736 kJ/kg.K. The solution by hand would require a trial- 
error approach. 

h_3=enthalpy(Air, T=T_3) 
s_3=entropy(Air, T=T_3, P=P_2) 
h_4s=enthalpy(Air, P=P_1, s=s_3) 

The mass flow rate is determined from 


m = 


m 

RT X 


(100kPa)(700/60 m 3 /s) 
(0.287 kPa • m 3 /kg • k)(40 + 273 K) 


12.99 kg/s 


The net power output is 

W c [n = m(h 2 - h x ) = (12.99 kg/s)(8 11.4- 3 13.6)kJ/kg = 6464 kW 
W Tout = m(h 3 -h 4 ) = (12.99 kg/s)(1873 - 959.2)kJ/kg = 1 1,868 kW 
w„ et = lV T . out - W c , in = 1 1,868 - 6464 = 5404 kW 


(, b ) The back work ratio is 


1 bw 


W C ,in 

^T,out 


6464 kW 
1 1,868 kW 


0.545 


(c) The rate of heat input and the thermal efficiency are 

Q. m =m(h 3 -h 2 ) = (1 2.99 kg/s)( 1873 — 8 11. 4)kJ/kg = l 3,788 kW 


Pth = 


W, 


net 


Gin 


5404 kW 
13,788 kW 


= 0.392 = 39.2% 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 




9-76 


9-101 A simple Brayton cycle with air as the working fluid operates between the specified temperature and pressure limits. 
The cycle is to be sketched on the T-s cycle and the isentropic efficiency of the turbine and the cycle thermal efficiency are 
to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air are given as c„ = 0.718 kJ/kg-K, 
= 1.005 kJ/kg-K, R = 0.287 kJ/kg-K, k = 1.4. 

Analysis (b) For the compression process, 

^Comp =ritc p (T 2 -T l ) 

= (200 kg/s) (1.005 kJ/kg ■ K)(330 - 30)K 
= 60,300 kW 


For the turbine during the isentropic process, 


T 4s = h 


r Pa ' 


J 


(k-\)/k 


= (1400 K) 


^100 kPa^ °' 4/ 1-4 


800 kPa 


= 772.9 K 



W T urb , s = mc p (T 3 -T 4s ) = (200 kg/s) (1.005 kJ/kg • K)(1400 - 772.9)K = 126,050 kW 
The actual power output from the turbine is 


^net ^Turb ^Comp 

Vk T urb = ^net + ^Turb = 60 ’ 000 + 60,300 = 120,300 kW 


The isentropic efficiency of the turbine is then 


W 

' 7Tu,t _ ^ 


Turb 


Turb,s 


120,300 kW 
126,050 kW 


= 0.954 = 95 . 4 % 


(c) The rate of heat input is 

Q m = me p (T 3 -T 2 ) = (200 kg/s)(1.005 kJ/kg • K)[(1400 - (330 + 273)]K = 160,200 kW 


The thermal efficiency is then 


>7th 




60,000 kW 
1 60,200 kW 


= 0.375 = 37 . 5 % 
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9-102 A modified Brayton cycle with air as the working fluid operates at a specified pressure ratio. The T-s diagram is to be 
sketched and the temperature and pressure at the exit of the high-pressure turbine and the mass flow rate of air are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air are given as c„ = 0.718 kJ/kg-K, c p = 1.005 kJ/kg-K, R = 0.287 kJ/kg-K, k = 1.4. 


Analysis (b) For the compression process, 


t 2 =t, 






(fc-l) / k 


= (273 K)(8)°' 4/1 ' 4 = 494.5 K 


The power input to the compressor is equal to the power output 
from the high-pressure turbine. Then, 

Wcomp,in = ^HP Turnout 

me p ( T 2 ~T { ) = me p ( T 3 - T 4 ) 

T 2 ~T\ = T 3 -T* 

T 4 = T 3 +T x -T 2 — 1 500 ~\~ 27 3 494.5 — 1 278.5 K 



The pressure at this state is 


Pa 

P , 


r rj, \ 

i A 


V r 3 j 


k/(k- 1) 


■» Pa = rP , 


^ ^k/(k- 1) 

i A 


\ T 3 J 


= 8(100 kPa) 


^1278.5 k^ L4/0 - 4 


1500 K 


457.3 kPa 


(c) The temperature at state 5 is determined from 


?w 4 


ft 




V P 4 J 


(k-\)/k 


= (1278.5 K) 


lOOkPa 
457.3 kPa 


n 0.4/ 1.4 


828. IK 


The net power is that generated by the low-pressure turbine since the power output from the high-pressure turbine is equal 
to the power input to the compressor. Then, 


^LPTurb _ p (^4 ^5 ) 


m 


^LPTurb 200,000 kW 

c p (T 4 -T 5 ) (1 .005 kJ/kg • K)(1278.5 - 828. 1)K 


441 .8 kg/s 
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9-103 A simple Brayton cycle with air as the working fluid operates at a specified pressure ratio and between the specified 
temperature and pressure limits. The cycle is to be sketched on the T-s cycle and the volume flow rate of the air into the 
compressor is to be determined. Also, the effect of compressor inlet temperature on the mass flow rate and the net power 
output are to be investigated. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 

Properties The properties of air are given as c„ = 0.718 kJ/kg-K, c p = 1.005 kJ/kg-K, R = 0.287 kJ/kg-K, k = 1.4. 

Analysis (b) For the compression process, 


T 2s = T'l 


r p \(*-i )/* 




= (273 K)(7)°' 4/1 ' 4 = 476.0 K 


W, 


^Comp 


0.80 = 


Comp,s 


mCp(T 2s -T0 T 2s - 7i 


Wr 


Comp fhc p( T 2~ T l) T 2 ~ T \ 

476.0 - 273 


7% - 273 


*7; = 526.8 K 


For the expansion process, 


P 4s - 


'Pa' 




(k-\)/k 


= (1500 K) 


f ^0.4/1. 4 

v7y 


= 860.3 K 



_ W Turb _ mc p (T 3 -T 4 ) T 3 -T a 
hmh " W Turb , s ' me p (T 3 - T 4s )~T 3 - T 4s 
1500 -Ta 

0.90 = >T 4 = 924.3 K 

1500-860.3 


Given the net power, the mass flow rate is determined from 

^net = Wlurb " ^Comp = > hc p ( T 3 ~ T a)~ ™p ( T 2 ~ T l ) 

K a ='nc p \(T 3 -T 4 )-(T 2 -T<)\ 


m 



c p [(t 3 -t 4 )-(t 2 -to\ 


150.000 kW 

~ (1.005 kJ/kg • K)[(1500 - 924.3) - (526.8 - 273)] 

= 463.7 kg/s 

The specific volume and the volume flow rate at the inlet of the compressor are 


^ (0.287 kJ/kg- KK273K) = ^ m 3 
P x 100 kPa 

C \ = m«/j = (463.7 kg/s)(0.7835 m 3 /kg) = 363.2 m 3 /s 


(c) For a fixed compressor inlet velocity and flow area, when the compressor inlet temperature increases, the specific 

RT 0 

volume increases since 1 / = . When specific volume increases, the mass flow rate decreases since m = — . Note that 

P v 

volume flow rate is the same since inlet velocity and flow area are fixed ( t/ = AV ). When mass flow rate decreases, the net 

power decreases since W net = m(w Turb - w Comp ) . Therefore, when the inlet temperature increases, both mass flow rate and 

the net power decrease. 
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Brayton Cycle with Regeneration 


9-79 


9-104C Regeneration increases the thermal efficiency of a Brayton cycle by capturing some of the waste heat from the 
exhaust gases and preheating the air before it enters the combustion chamber. 


9-105C Yes. At very high compression ratios, the gas temperature at the turbine exit may be lower than the temperature at 
the compressor exit. Therefore, if these two streams are brought into thermal contact in a regenerator, heat will flow to the 
exhaust gases instead of from the exhaust gases. As a result, the thermal efficiency will decrease. 


9-106C The extent to which a regenerator approaches an ideal regenerator is called the effectiveness s, and is defined as 

£ *7 regen, act / 7regen, max- 


9-107C (b) turbine exit. 


9-108C The steam injected increases the mass flow rate through the turbine and thus the power output. This, in turn, 
increases the thermal efficiency since rj = W / Q m and W increases while Q m remains constant. Steam can be obtained by 

utilizing the hot exhaust gases. 
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9-109 A Brayton cycle with regeneration produces 150 kW power. The rates of heat addition and rejection are to be 
determined. 


9-80 


Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg.K and k = 1.4 (Table A-2a). 

Analysis According to the isentropic process expressions for an ideal gas, 

T 2 = T x r^~ X),k = (293 K)(8) a4/L4 = 530.8 K 


t 5 =t 4 


r \(k-l)/k 


K r P J 


- (1073 K) 


0.4/1. 4 

Jy 


= 592.3 K 


When the first law is applied to the heat exchanger, the result is 

t 3 -t 2 =t 5 -t 6 

while the regenerator temperature specification gives 
T 3 = T 5 -10 = 592.3 - 10 = 582.3 K 

The simultaneous solution of these two results gives 

T 6 =T 5 - (T 3 ~T 2 ) = 592.3 - (582.3 - 530.8) = 540.8 K 

Application of the first law to the turbine and compressor gives 
^net =C p (T 4 -T 5 )~C p (T 2 ~T x ) 

= (1.005 kJ/kg • K)(l 073 -592.3) K - (1.005 kJ/kg • K)(530.8 - 293) K 
= 244.1 kJ/kg 

Then, 

. W net 150 kW A , 1>1C1 . 

m = = = 0.6145 kg/s 

w net 244.1 kJ/kg 

Applying the first law to the combustion chamber produces 

Q in = me p (T 4 -T 3 ) = (0.6145 kg/s) (1.005 kJ/kg • K)(1073 -582.3)K = 303.0 kW 

Similarly, 



Q out = me AT 6 -T { ) = (0.6145 kg/s)(1.005 kJ/kg -K) (540. 8-293) K - 153.0 kW 
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9-110 A Brayton cycle with regeneration produces 150 kW power. The rates of heat addition and rejection are to be 
determined. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg.K and k = 1.4 (Table A-2a). 

Analysis For the compression and expansion processes we have 

T 2s =T ] r ( f-' )lk = (293 K)(8)°' 4/1 ' 4 = 530.8 K 
c p (L s 


1c = 


c p {T 2 -T x ) 


* T 2 ~ T l + 


T ls -t. 


= 293 + 


V c 

530.8-293 


0.87 


= 566.3 K 


Tss ~ T4 


f ^ \(k-l)/k 


\ r P J 


= (1073 K) 


r ^ 0.4/1. 4 

v8y 


= 592.3 K 



c p (T 4 ~T 5 ) 
c p (T a -T 5s ) 


> r 5 - r 4 ri T (t 4 t 5s ) 

= 1073 - (0.93)(1073 - 592.3) 
= 625.9 K 


When the first law is applied to the heat exchanger, the result is 

t 3 -t 2 =t 5 -t 6 

while the regenerator temperature specification gives 
T 3 =T 5 -10 = 625.9-10 = 615.9 K 

The simultaneous solution of these two results gives 

T e =T 5 ~(T 3 - T 2 ) = 625.9- (615.9-566.3) = 576.3 K 

Application of the first law to the turbine and compressor gives 
^net =C p (T 4 -T 5 )-C p (T 2 -7\) 

= (1 .005 kJ/kg • K )(1 073 - 625.9) K - (1 .005 kJ/kg • K)(566.3 - 293) K 
= 174.7 kJ/kg 


Then, 


W, 


m = 


net 


W 


net 


150kW 
174.7 kJ/kg 


0.8586 kg/s 


Applying the first law to the combustion chamber produces 

Q in = me p (T 4 -T 3 ) = (0.8586 kg/s)(1.005 kJ/kg • K)(1073 - 615.9)K = 394.4 kW 


Similarly, 

Q out = mc p (T 6 -7j) = (0.8586 kg/s)(1.005 kJ/kg -K)(576.3-293)K = 244.5 kW 
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9-111 A Brayton cycle with regeneration is considered. The thermal efficiencies of the cycle for parallel-flow and counter- 
flow arrangements of the regenerator are to be compared. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 


Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 
Analysis According to the isentropic process expressions for an ideal gas, 

T 2 = T l r ( p k ~ l)/k = (293 K)(7) 0-4/1 ' 4 = 510.9 K 


T 5 =T 4 


r >*(*-1)/* 


\ v pj 


= (1000 K) 


/ p 0.4/1. 4 

V7y 


= 573.5 K 


When the first law is applied to the heat exchanger as originally 
arranged, the result is 


t 3 -t 2 =t 5 -t 6 


while the regenerator temperature specification gives 



r 3 =T 5 -6 = 573.5-6 = 567.5 K 
The simultaneous solution of these two results gives 


T e =t 5 -T 3 +T 2 =573.5-567.5 + 510.9 = 516.9 K 
The thermal efficiency of the cycle is then 


>7th =1 


^out 


= 1 




in 


Te-Ti 

T4-T3 


= 1 


516.9-293 

1000-567.5 


= 0.482 


For the rearranged version of this cycle, 


T 3 =T 6 - 6 


An energy balance on the heat exchanger gives 


T 3 ~T 2 = T 5 ~ T 6 

The solution of these two equations is 

T 3 = 539.2 K 
T e = 545.2 K 


The thermal efficiency of the cycle is then 


>7th 


= 1 


ffout 

^in 





zJ± 

-T 3 


545.2-293 

1000-539.2 


0.453 
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9-112E An ideal Brayton cycle with regeneration has a pressure ratio of 1 1. The thermal efficiency of the cycle is to be 
determined with and without regenerator cases. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 

Properties The properties of air at room temperature are c p = 0.24 Btu/lbm-R and k = 1.4 (Table A-2Ea). 

Analysis According to the isentropic process expressions for an ideal gas, 


T 2 =T l r < p k - ])lk = (560 R)(l 1) 04/14 = 11 11 R 



The thermal efficiency of the cycle is then 

=1-^ = 1-^ = !- mi - 56 ° =0.537 =53.7% 
q m r 4 -r 3 2400-1210 


The solution without a regenerator is as follows: 
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9-1 13E A car is powered by a gas turbine with a pressure ratio of 4. The thermal efficiency of the car and the mass flow 
rate of air for a net power output of 95 hp are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with variable specific heats. 3 The ambient air is 540 
R and 14.5 psia. 4 The effectiveness of the regenerator is 0.9, and the isentropic efficiencies for both the compressor and 
the turbine are 80%. 5 The combustion gases can be treated as air. 

Properties The properties of air at the compressor and turbine inlet temperatures can be obtained from Table A-17E. 
Analysis The gas turbine cycle with regeneration can be analyzed as follows: 


r, = 


540 R 
P 


-> 


h x = 129.06 Btu/lbm 
P, = 1.386 


P r „ = A p „ = (4X1.386) =5.544 


P 


-» h 2s =192.0 Btu/lbm 


P = 2160 R 


-> 


h 3 =549.35 Btu/lbm 
P = 230.12 


P. = 


Pa 

Pi 


Pr = 




v4y 


(230.12) = 57.53 > h As = 372.2 Btu/lbm 


and 





comp 


V turb ” 


h 2 s ~ h \ 

h 2 

h 3 -h 4 

h 3~ h 4 s 


-> 0.80 
-> 0.80 


192.0-129.06 
h 2 - 129.06 
549.35 -h 4 
549.35-372.2 


— > h 2 = 207.74 Btu/lbm 
— > h A = 407.63 Btu/lbm 


Then the thermal efficiency of the gas turbine cycle becomes 


^ regen = ^4 ~ h i) = 0.9(407.63-207.74) = 179.9 Btu/lbm 

q m =(h 3 -h 2 )-q regen = (549.35 -207.74) -179.9 = 161.7 Btu/lbm 


Wnet,out =H; T,out - ^ c ,in =(* 3 -h 4 )-(h 2 - h { ) = (549.35 - 407.63) - (207.74 - 129.06) = 63.0 Btu/lbm 


*7th = 


w 


net, out 




in 


63.0 Btu/lbm 
161.7 Btu/lbm 


= 0.39 = 39% 


Finally, the mass flow rate of air through the turbine becomes 


W 


m 3ir = 


net 


95 hp 


r 0.7068 Btu/s N 


w 


net 


63.0 Btu/lbm 


lhp 


= 1.07 lbm/s 
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9-114 The thermal efficiency and power output of an actual gas turbine are given. The isentropic efficiency of the 
turbine and of the compressor, and the thermal efficiency of the gas turbine modified with a regenerator are to be 
determined. 

Assumptions 1 Air is an ideal gas with variable specific heats. 2 Kinetic and potential energy changes are negligible. 3 The 
mass flow rates of air and of the combustion gases are the same, and the properties of combustion gases are the same as 
those of air. 

Properties The properties of air are given in Table A- 17. 

Analysis The properties at various states are 

=303.21 kJ/kg 


T x = 30°C = 303 K 
P 


-> 


P, =1.4356 


P r = 

r -> 


P 


p r = (l4.7Xl. • 4356) =21. 10 >h 2s =653.25 kJ/kg 


P =1288°C = 1561 K 


-> 


h 3 =1710.0 kJ/kg 
P. =712.5 


P, = 


A 


4 A 


P r , = 


14.7 


(7 12.5) = 48.47 > h 4s =825.23 kJ/kg 



The net work output and the heat input per unit mass are 


W, 


^net 


net 


1 59,000 kW 


<1 in = 


m 1,536,000 kg/h 
w net 372.66 kJ/kg 


3600 s 


lh 

= 1038.0 kJ/kg 


= 372.66 kJ/kg 


'7th 0.359 
q in = h 3 - h 2 — > h 2 = h 3 - q in = 1710 - 1038 = 672.0 kJ/kg 
^out =4in -w net =1038.0 -372.66 = 665.34 kJ/kg 

q out =h 4 -h x -> h 4 =q out +h x =665.34 + 303.21 = 968.55 kJ/kg ^ T 4 = 931.7 K = 658.7°C 

Then the compressor and turbine efficiencies become 

1710-968.55 


71 t = 

n c = 


h 3 - h 4 


h 3 -h 4s 1710-825.23 
h 2s -h x 653.25-303.21 


= 0.838 = 83 . 8 % 

= 0.949 = 94 . 9 % 


h 2 -h x 672-303.21 
When a regenerator is added, the new heat input and the thermal efficiency become 
^ r ege n = ~ h 2 ) = (0.65)(968.55 - 672.0) = 192.8 kJ/kg 

^ in, new = <7in ~ ^ regen = 1038 - 192.8 = 845.2 kJ/kg 

372.66 kJ/kg 


w 


J hh, 


net 


new 




in, new 


845.2 kJ/kg 


= 0.441 = 44 . 1 % 


Discussion Note a 65% efficient regenerator would increase the thermal efficiency of this gas turbine from 35.9% to 
44.1%. 
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9-115 ****** Problem 9-114 is reconsidered. A solution that allows different isentropic efficiencies for the compressor and 
turbine is to be developed and the effect of the isentropic efficiencies on net work done and the heat supplied to the cycle is 
to be studied. Also, the T-s diagram for the cycle is to be plotted. 

Analysis Using EES, the problem is solved as follows: 


"Input data" 

T[3] = 1 288 [C] 

Pratio = 14.7 
T[1] = 30 [C] 

P[1]= 100 [kPa] 

{T[4]=659 [C]} 

{W_dot_net=159 [MW] }"We omit the information about the cycle net work" 
m_dot = 1536000 [kg/h]*Convert(kg/h,kg/s) 

{Eta_th_noreg=0.359} "We omit the information about the cycle efficiency." 

Eta_reg = 0.65 

Eta_c = 0.84 "Compressor isentropic efficiency" 

Eta_t = 0.95 "Turbien isentropic efficiency" 

"Isentropic Compressor anaysis" 
s[1]=ENTROPY(Air,T=T[1],P=P[1]) 

s_s[2]=s[1] 'For the ideal case the entropies are constant across the compressor" 

P[2] = Pratio*P[1] 

s_s[2]=ENTROPY(Air,T=T_s[2] I P=P[2]) 

"T_s[2] is the isentropic value of T[2] at compressor exit" 

Eta_c = W_dot_compisen/W_dot_comp 

"compressor adiabatic efficiency, W_dot_comp > W_dot_compisen" 

"Conservation of energy for the compressor for the isentropic case: 

E_dot_in - E_dot_out = DELTAE_dot=0 for steady-flow" 
m_dot*h[1] + W_dot_compisen = m_dot*h_s[2] 
h[1]=ENTHALPY(Air,T=T[1]) 
h_s[2]=ENTHALPY(Air,T=T s[2]) 

"Actual compressor analysis:" 
m_dot*h[1] + W_dot_comp = m dot*h[2] 
h[2]=ENTHALPY(Air,T=T[2]) 
s[2]=ENTROPY(Air,T=T[2], P=P[2]) 

"External heat exchanger analysis" 

"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0 
E_dot_in - E_dot_out =DELTAE_dot_cv =0 for steady flow" 
m_dot*h[2] + Q_dot_in noreg = m_dot*h[3] 
q_in_noreg=Q_dot_in_noreg/m_dot 
h[3]=ENTHALPY(Air,T=T[3]) 

P[3]=P[2]"process 2-3 is SSSF constant pressure" 

"Turbine analysis" 
s[3]=ENTROPY(Air,T=T[3],P=P[3]) 

s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine" 

P[4] = P[3] /Pratio 

s_s[4]=ENTROPY(Air,T=T_s[4],P=P[4])"T_s[4] is the isentropic value of T[4] at turbine exit" 

Eta_t = W_dot_turb /W_dot_turbisen "turbine adiabatic efficiency, W_dot_turbisen > W_dot_turb" 

"SSSF First Law for the isentropic turbine, assuming: adiabatic, ke=pe=0 
E_dot_in -E_dot_out = DELTAE_dot_cv = 0 for steady-flow" 
m_dot*h[3] = W_dot_turbisen + m_dot*h_s[4] 
h_s[4]=ENTHALPY(Air,T=T_s[4]) 
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"Actual Turbine analysis:" 
m_dot*h[3] = W_dot_turb + m_dot*h[4] 
h[4]=ENTHALPY(Air,T=T[4]) 
s[4]=ENTROPY(Air,T=T[4], P=P[4]) 

"Cycle analysis" 

"Using the definition of the net cycle work and 1 MW = 1000 kW:" 

W_dot_net*1 000=W_dot_turb-W_dot_comp "kJ/s" 

Eta_th_noreg=W_dot_net*1 000/Q_dot_in_noreg"Cycle thermal efficiency" 
Bwr=W_dot_comp/W_dot_turb"Back work ratio" 

"With the regenerator the heat added in the external heat exchanger is" 
m_dot*h[5] + Q_dot_in_withreg = m_dot*h[3] 
q_i n_with reg = Qd ot_i n_with reg/m_d ot 

h[5]=ENTHALPY(Air, T=T[5]) 
s[5]=ENTROPY(Air,T=T[5], P=P[5]) 

P[5]=P[2] 

"The regenerator effectiveness gives h[5] and thus T[5] as:" 

Eta„reg = (h[5]-h[2])/(h[4]-h[2]) 

"Energy balance on regenerator gives h[6] and thus T[6] as:" 
m_dot*h[2] + m_dot*h[4]=m_dot*h[5] + m_dot*h[6] 
h[6]=ENTHALPY(Air, T=T[6]) 
s[6]=ENTROPY(Air,T=T[6], P=P[6]) 

P[6]=P[4] 

"Cycle thermal efficiency with regenerator" 
Eta_th_withreg=W_dot_net*1000/Q_dot_in_withreg 

"The following data is used to complete the Array Table for plotting purposes." 
S_S[1]=S[1] 

T s[1 ]=T[1 ] 

s _s[3]=s[3] 

T_s[3]=T[3] 

s_s[5]=ENTROPY(Air,T=T[5],P=P[5]) 

T_s[5]=T[5] 

s _s[6]=s[6] 

T_s[6]=T[6] 
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Tit 

Tic 

Tlth.noreg 

Tlth.withreg 

Qinnoreg 

[kW] 

Qinwithreg 

[kW] 

w net 

fkWl 

0.7 

0.84 

0.2044 

0.27 

422152 

319582 

86.3 

0.75 

0.84 

0.2491 

0.3169 

422152 

331856 

105.2 

0.8 

0.84 

0.2939 

0.3605 

422152 

344129 

124.1 

0.85 

0.84 

0.3386 

0.4011 

422152 

356403 

142.9 

0.9 

0.84 

0.3833 

0.4389 

422152 

368676 

161.8 

0.95 

0.84 

0.4281 

0.4744 

422152 

380950 

180.7 

1 

0.84 

0.4728 

0.5076 

422152 

393223 

199.6 


T-s Diagram for Gas Turbine with Regeneration 
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9-116 A Brayton cycle with regeneration using air as the working fluid is considered. The air temperature at the turbine 
exit, the net work output, and the thermal efficiency are to be determined. 


Assumptions 1 The air standard assumptions are applicable. 2 Air 
is an ideal gas with variable specific heats. 3 Kinetic and potential 
energy changes are negligible. 

Properties The properties of air are given in Table A- 17. 

Analysis (a) The properties of air at various states are 

h x = 310.24 kJ/kg 


T x =310 K 
P 


-> 


P, =1.5546 


P„ = 


7c = 


P 


P,. = (7X1.5546) = 10.88 > h 2s = 541.26 kJ/kg 



h 2s ~ h \ 

h 2 - hi 


■» h 2 =hi +{h 2s -hi)/r/ c = 3 10.24 + (541.26 -3 10.24)/(0.75)= 618.26 kJ/kg 


r 3 =1150 K » 


h 3 =1219.25 kJ/kg 
P r =200.15 


P = — P = 

' 4 Pi " 3 


r i x 


v7y 


It = 


h 3 -h 4 

h 3 ~h 4s 


(200.15)= 28.59 > h 4s = 711.80 kJ/kg 


■» h 4 =h 3 -Ji T {h 3 -/i 4 J = 1219.25 -(0.82X1219.25 -711.80) =803. 14 kJ/kg 


Thus, 

T 4 = 782.8 K 

(b) w net = vv Tout - w Cin = (h 3 -h 4 )~ (h 2 - h x ) 

= (1219.25 - 803.14)- (618.26 - 310.24) 

= 108.09 kJ/kg 


(c) 



h 4 -h 2 


> h 5 = h 2 + s(h 4 - h 2 ) 

= 618.26 + (0.65X803. 14 -618.26) 
= 738.43 kJ/kg 


Then, 


q m = h 3 - h 5 =1219.25 -738.43 = 480.82 kJ/kg 


7th 


w 


net 




108.09 kJ/kg 
= 22.5 % 

480.82 kJ/kg 
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9-117 A stationary gas-turbine power plant operating on an ideal regenerative Brayton cycle with air as the working fluid is 
considered. The power delivered by this plant is to be determined for two cases. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas. 3 Kinetic and potential energy changes 
are negligible. 

Properties When assuming constant specific heats, the properties of air at room temperature are c p = 1.005 kJ/kg.K and 
k = 1.4 (Table A-2a). When assuming variable specific heats, the properties of air are obtained from Table A- 17. 

Analysis (a) Assuming constant specific heats, 


t 2 =t 1 


T 4 = 7 3 




(k-l)lk 


K P l J 

f \ (k-l)/k 

1 A 


= (290 K)(8) 0 ' 4/1 ' 4 = 525.3 K 


\ p i ) 


= (1100 k /1 


0 . 4 / 1. 4 


= 607.2 K 


s = 100% > P 5 = P 4 = 607.2 K and T 6 =T 2 = 525.3 K 


7th =1 


7 


out 


-1 


p 


(n - p ) 


= 1 


r, -r, 


= i 


525.3-290 


q m c p {T 3 -T 5 ) T 3 -T 5 1100-607.2 

W net = r lT Q m = (0.5225X75,000 kW) = 39,188 kW 

( b ) Assuming variable specific heats, 

h x = 290.16 kJ/kg 



T x = 290K 
P 


-> 


P, =1.2311 


P, = 


P 


P,. = (8)(l .23 1 1) = 9.8488 > h 2 =526.12 kJ/kg 


T 3 =1100K > 


h 3 =1161.07 kJ/kg 
P, =167.1 


P =—P = 

p 4 p p 3 


r i \ 


vBy 


(l 67.1) =20.89 > h 4 =651.37 kJ/kg 


s = 100% > h 5 = h 4 = 651.37 kJ/kg and h 6 = h 2 = 526.12 kJ/kg 


nth =1 


7 out 


= 1 


h*-h 




in 


h 3 ~ ^5 


= 1 


526.12-290.16 

1161.07-651.37 


= 0.5371 


W nel =n T Qin =(0.537l)(75.000kW) = 40,283 kW 
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9-118 A regenerative gas-turbine engine using air as the working fluid is considered. The amount of heat transfer in the 
regenerator and the thermal efficiency are to be determined. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with variable specific heats. 3 Kinetic and 
potential energy changes are negligible. 

Properties The properties of air are given in Table A- 17. 

Analysis (a) The properties at various states are 

r p =P 2 /P x =900/100 = 9 

T x - 310 K >h x -310.24 kJ/kg 

T 2 - 650 K > h 2 - 659.84 kJ/kg 

—>*3 -1515.42 kJ/kg 


(b) 


T 3 - 1400 K 


P., -450.5 



P, = 

• A 


Pa 

A 


Pr = 


T 

v9y 


(450.5) = 50.06 > h As =832.44 kJ/kg 


>h = 


h 3 - h 4 
h 3 - h 4s 


> b 4 - h 3 ?j T ( h 3 h 4s ) 

- 15 15.42 - (0.90)(l5 15.42 - 832.44) 
-900.74 kJ/kg 

^ r e g en = 4 h 4 ~ h 2 ) = (0.80X900.74 - 659.84) - 1 92.7 kJ/kg 

%et = W 


T,out W C,in - {b 3 h 4 ) (h 2 h x ) 

- (l 5 15.42 - 900.74) - (659.84 - 310.24) - 265.08 kJ/kg 


q m =(h 3 - h 2 )-q XQ<ZQn - (1515.42 - 659.84)- 192.7 - 662.88 kJ/kg 


7 th = 


W 


265.08 kJ/kg 

q [n ~ 662.88 kJ/kg 


- 0 . 400 - 40 . 0 % 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



9-92 


9-119 A regenerative gas-turbine engine using air as the working fluid is considered. The amount of heat transfer in the 
regenerator and the thermal efficiency are to be determined. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and 
potential energy changes are negligible. 

Properties The properties of air at room temperature are 

Cp = 1 .005 kJ/kg.K and k= 1.4 (Table A-2a). T A 

Analysis (a) Using the isentropic relations and turbine efficiency, 1400 k 4- 9m ^ 


r =P 2 /P X =900/100 = 9 


s -^3 


(k-l)/k 


= (l400K)f_L 


0.4/1.4 


650 K 


= 747.3 K 


310 K 


h 3 -h 4 _ c p (T 3 -T 4 ) 
— h 4s c„{T 3 -T 4s ) 


t 4 - t 3 ri T (r 3 - t 4s ) 

= 1400 - (0.90)(l400 - 747.3) 




= 812.6 K 


^ regen = s{h 4 ~ h 2 ) = sc p { t 4 - T 2 )= (0.80Xl. 005 kJ/kg • K)(812.6 - 650)K = 1 30.7 kJ/kg 

*Vt = w T,out “ w C.in = C p ( T 3 ~ T 4 ) “ C p ( T 2 ~ T l ) 

= (1.005 kJ/kg • K 1(1400 -812.6)- (650 - 310)]K = 248.7 kJ/kg 

*7 in = ( h 3 ~ h 2 ) - ^ regen = C p ( T 3 ~ T 2 ) “ 4regen 

= (l .005 kJ/kg • K)(l400 - 650)K - 130.7 = 623. 1 kJ/kg 


1th = 


w net _ 248.7 kJ/kg 
q m 623.1 kJ/kg 


= 0.399 = 39 . 9 % 
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9-120 A regenerative gas-turbine engine using air as the working fluid is considered. The amount of heat transfer in the 
regenerator and the thermal efficiency are to be determined. 


Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with variable specific heats. 3 Kinetic and 
potential energy changes are negligible. 


Properties The properties of air are given in Table A- 17. 
Analysis (a) The properties at various states are 
r p =P 2 /P { =900/100 = 9 


T x =310 K - 
T 2 = 650 K - 
r 3 = 1400 K 


P =— P = 

r 4 p G 


+ h { =310.24 kJ/kg 
-> h 2 = 659.84 kJ/kg 


+ h 3 =1515.42 kJ/kg 
P, =450.5 


v9y 


(450.5) = 50.06 > h 4s = 832.44 kJ/kg 


t/t = 


h 3 - h 4 
h'i - h 4s 


> h 4 - h 3 r] T (h 3 h 4s ) 

= 1515.42 - (0.90)(l515.42 - 832.44) 
= 900.74 kJ/kg 

^ regen = 4^4 ~ h 2 )= (0.70X900.74 - 659.84) = 1 68.6 kJ/kg 



(b) 


w 


net 


<7 in = 

7th = 


^T.out - w C,in = ( h 3 ~ h 4 ) “ ( h 2 ~ h \ ) 

(1515.42 - 900.74)- (659.84 - 310.24) = 265.08 kJ/kg 
(h 3 -h 2 )-q regen =(1515.42 -659.84)- 168.6 = 687.18 kJ/kg 

ny= 265.08 kJ/kg =Q 386 = 38 _ 6 o /o 
q m 687.18 kJ/kg 
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9-121 An expression for the thermal efficiency of an ideal Brayton cycle with an ideal regenerator is to be developed. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 

Analysis The expressions for the isentropic compression and expansion processes are 


r r _ r r r (k-\)/ k 

1 2 ~ 1 1 r p 



S 


The thermal efficiency of the cycle is 

t gout =1 T b -T, =1 T. jTJT,)-! 

* q m T 3 -T 5 T 3 l-(T 5 /T 3 ) 

Ty (T 2 IT ] )- \ 

T 3 1 ~(T 4 /T 3 ) 

(k-l)/k _i 

= | 1 \ P 

T 3 \-r-«-V' k 
= l_ZL r 

T 3 p 
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Brayton Cycle with Intercooling, Reheating, and Regeneration 
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9-122C As the number of compression and expansion stages are increased and regeneration is employed, the ideal Brayton 
cycle will approach the Ericsson cycle. 


9-123C Because the steady-flow work is proportional to the specific volume of the gas. Intercooling decreases the average 
specific volume of the gas during compression, and thus the compressor work. Reheating increases the average specific 
volume of the gas, and thus the turbine work output. 


9-124C (a) decrease, (b) decrease, and (c) decrease. 


9-125C (a) increase, (b) decrease, and (c) decrease. 


9-126C (a) increase, (b) decrease, (c) decrease, and (d) increase. 


9-127C (a) increase, (b) decrease, (c) increase, and (d) decrease. 


9-128C (c) The Carnot (or Ericsson) cycle efficiency. 
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9-129 An ideal gas-turbine cycle with two stages of compression and two stages of expansion is considered. The back work 
ratio and the thermal efficiency of the cycle are to be determined for the cases of with and without a regenerator. 


Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal 
gas with variable specific heats. 3 Kinetic and potential energy changes are 
negligible. 

Properties The properties of air are given in Table A- 17. 

Analysis (a) The work inputs to each stage of compressor are identical, so are 
the work outputs of each stage of the turbine since this is an ideal cycle. Then, 




t 5 


W C,in 

^T,out 


300 K 


-» 


h x = 300.19 kJ/kg 
P, = 1.386 


Pi 

P 


P ri = (3X1.386) = 4.158 > h 2 = h 4 =41 1.26 kJ/kg 


1200 K 


P, = 


f i \ 




h 5 = hq =1277.79 kJ/kg 
> P,. =238 

r 5 

(238)= 79.33 > h 6 = h s = 946.36 kJ/kg 


Pe 
Ps 

2 (h 2 -h l )= 2(41 1 .26 - 300. 19) = 222. 14 kJ/kg 
2 (h 5 -h 6 )= 2(1277.79-946.36)= 662.86 kJ/kg 



Thus, 


w c.in 222.14 kJ/kg 
r hw = = = 33.5 % 

^T,out 662.86 kJ/kg 

q m =(h 5 -h 4 )+ (h 7 -h 6 )= (1277.79 - 41 1 .26)+ (1277.79 - 946.36) = 1 197.96 kJ/kg 
w ne t = W X out - w c in = 662.86 - 222.14 = 440.72 kJ/kg 


^th = 


w 


net 




in 


440. 72 kl/kg =3fcg% 
1197.96 kJ/kg 


(b) When a regenerator is used, r bw remains the same. The thermal efficiency in this case becomes 
regen = s( h s ~ K ) = (0.75X946.36 - 41 1 .26) = 401.33 kJ/kg 
9m =9in,old — 9 regen = 1 197.96 - 401.33 = 796.63 kJ/kg 

= 440,72 kJ/kg =SS3% 
q m 796.63 kJ/kg 
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9-130 A gas-turbine cycle with two stages of compression and two stages of expansion is considered. The back work ratio 
and the thermal efficiency of the cycle are to be determined for the cases of with and without a regenerator. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with variable specific heats. 3 Kinetic and 
potential energy changes are negligible. 

Properties The properties of air are given in Table A- 17. 

Analysis (a) The work inputs to each stage of compressor are identical, so are the work outputs of each stage of the turbine. 
Then, 


Thus, 


T x = 300 K > h x = 300.19 kJ/kg 

P r =1.386 

P,. = — P ri =(3)(l.386) = 4.158 > h 2s =h 4s =411.26 kJ/kg 

P x 

Pc ~ “ “ * ^2 — ^4 — h\ + i^ 2 s - )/ Pc 

2 ” 1 =300.19 + (41 1.26 -300.19)/(0.84) 

= 432.42 kJ/kg 




Pt 


= 1200 K 


h 

Ps 

hi 

h 5 


~K 

~Ks 


T 

v3y 


>h 5 =h 7 =1277.79 kJ/kg 
P r =238 

'5 

(238)= 79.33 > h 6s = h Ss = 946.36 kJ/kg 

K =K = h 5 ~ Hr ( h 5 ~ h 6, ) 

= 1277.79 - (0.88)(l277.79 - 946.36) 


= 986.13 kJ/kg 


w c ,in = 2 (>h ~ h \)= 2(432.42 - 300. 19) = 264.46 kJ/kg 
w T)0u t =2 (h 5 -h 6 )= 2(l277.79 - 986.13) = 583.32 kJ/kg 



^bw 


w 


c.in 264.46 kJ/kg 


= 0.453 = 45 . 3 % 


w T>out 583.32 kJ/kg 
q m =(/z 5 -/z 4 )+(/z 7 - /z 6 ) = (1277.79 - 432.42)+ (1277.79 - 986.13)= 1 137.03 kJ/kg 


w net =w T,om ~ w c,in =583.32-264.46 = 318.86 kJ/kg 


w 


Pth = 


318.86 kJ/kg 

q [n ” 1137.03 kJ/kg 


= 0.280 = 28 . 0 % 


( b ) When a regenerator is used, r bw remains the same. The thermal efficiency in this case becomes 

4regen = £ ( h & — ^4 )= (0.75)(986. 0 - 432.42) = 4!5.28 k J /kg 
7,n =?in.old -^regen =1137.03- 415.28 = 721.75 kJ/kg 


77th = 


w 


318.86 kJ/kg 

^in ” 721.75 kJ/kg 


= 0.442 = 44 . 2 % 
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9-131E An ideal regenerative gas-turbine cycle with two stages of compression and two stages of expansion is considered. 
The power produced and consumed by each compression and expansion stage, and the rate of heat rejected are to be 
determined. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 

Properties The properties of air at room temperature are c p = 0.24 Btu/lbm-R and k = 1.4 (Table A-2Ea). 

Analysis The pressure ratio for each stage is 

r p = VI 2= 3.464 

According to the isentropic process expressions for an ideal gas, 

T 2 = T 4 =T ir ( p k ~ 1),k = (520 R)(3.464) °' 4/1 ' 4 = 741.6 R 

Since this is an ideal cycle, 

r 5 =T 7 =T 9 = r 4 +50 = 741.6 + 50 = 791.6 R 
For the isentropic expansion processes, 

T 6 =r 8 = T 1 r p k ^ )lk = (791.6 R)(3 .464) °- 4/L4 =1129R 
The heat input is 

q [n = 2 c p (T 6 -T 5 ) = 2(0.24 Btu/lbm R)( 1 129 -79 1.6) R = 162.0 Btu/lbm 
The mass flow rate is then 



m = 



4m 


500 Btu/s 
162.0 Btu/lbm 


3.086 lbm/s 


Application of the first law to the expansion process 6-7 gives 

^6-7,out =M C p( T 6 ~ T l) 

= (3.086 lbm/s)(0.24 Btu/lbm • R)(l 129 - 791 .6) R 

= 263.6 kW 


lkW 


0.94782 Btu/s 


The same amount of power is produced in process 8-9. When the first law is adapted to the compression process 1-2 it 
becomes 


w n , in =mc p (T 2 -7j) 

= (3.086 lbm/s) (0.24 Btu/lbm • R)(741 .6 - 520) R 

= 173.2 kW 


lkW 


0.94782 Btu/s 


Compression process 3-4 uses the same amount of power. The rate of heat rejection from the cycle is 
Gout =2 ™c p (T 2 -T 3 ) 

= 2(3.086 lbm/s)(0.24 Btu/lbm • R)(741 .6 - 520) R 

= 328.3 Btu/s 
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9-132E An ideal regenerative gas-turbine cycle with two stages of compression and two stages of expansion is considered. 
The power produced and consumed by each compression and expansion stage, and the rate of heat rejected are to be 
determined. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 

Properties The properties of air at room temperature are c p = 0.24 Btu/lbm-R and k = 1.4 (Table A-2Ea). 

Analysis The pressure ratio for each stage is 

r p = VI 2= 3.464 
For the compression processes, 

T 2s = T 4s =T l r i p k ~ l),k = (520 R)(3.464) °' 4/1 ' 4 = 741.6 R 

c p(^2s ~T\) 


Vc = 


c p {T 2 -T x ) 


T 2 -T 4 - 7’| 4 


Tis~T x 

Vc 


= 520 + 74L6 520 = 780.7 R 
0.85 



Since the regenerator is ideal, 

T 5 = T 7 = T 9 =T 4 +50 = 780.7 +50 = 830.7 R 

For the expansion processes, 


y _y —T r (+ _ l)/& _ 
1 6s ~ 1 8.v “ 1 7 r p 


= (830.7 R)(3.464)°' 4/l4 = 1185 R 


c p (T 6 -T 7 ) 

rjj =-?—?■ >T 6 =r 8 =T 7 +tj t (T 6s - r 7 ) = 830.7 + (0.90)(1 185- 830.7) = 1 150 R 

C p( T 6s- T l ) 

The heat input is 

q in = 2 c p (T 6 -T s ) = 2(0.24 Btu/lbm- R)(l 150-830.7) R = 153.3 Btu/lbm 
The mass flow rate is then 


m = 


Q 


in 


500 Btu/s 


= 3.262 lb m/s 


q [n 153.3 Btu/lbm 
Application of the first law to the expansion process 6-7 gives 

^6-7,out =™Cp( T 6~Tl) 

= (3.262 lbm/s)(0.24 Btu/lbm • R)(l 150 - 830.7) R 


lkW 


A 


0.94782 Btu/s 


= 263.7 kW 


The same amount of power is produced in process 8-9. When the first law is adapted to the compression process 1-2 it 
becomes 


Wi2,in — me p (T 2 -T x ) 


= (3.262 lbm/s)(0.24 Btu/lbm • R)(780.7 - 520) R 


lkW 


215.3 kW 


0.94782 Btu/s 

V / 

Compression process 3-4 uses the same amount of power. The rate of heat rejection from the cycle is 
Gout =2 mc p (T 2 -r 3 ) 

= 2(3.262 lbm/s)(0.24 Btu/lbm -R)(780.7- 520) R = 408.2 Btu/s 
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9-133 A regenerative gas-turbine cycle with two stages of compression and two stages of expansion is considered. The 
thermal efficiency of the cycle is to be determined. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 

Analysis The temperatures at various states are obtained as follows 

T 2 =T 4 =T l r ( p k ~ 1)lk = (290 K)(4)°' 4/1 ' 4 = 430.9 K 


T 5 =T 4 + 20 = 430.9 + 20 = 450.9 K 


<7 in = C A T 6 ~ t s ) 


in “ c p y* 6 * 5 

<7 in 


t 6 =t s 


c 


p 


- 450.9 K 4 300tl,k8 ■ 749.4 K 

1.005 kJ/kg-K 


T 7 =T 6 


r \(k-i)/k 


\ r p J 


= (749.4 K) 


f ^ ^ 0.4/1. 4 

V4y 


= 504.3 K 


<7. 


in 


r 8 =T 7 + = 504.3 K + 


300 kJ/kg 


c 


1.005 kJ/kg-K 


= 802.8 K 


T 9 =T, 


r ^ \(k-l)/k 


\ r p J 


= (802.8 K) 


f ^ ^ 0.4/1. 4 

V4y 


= 540.2 K 



r 10 = r 9 - 20 = 540.2 - 20 = 520.2 K 
The heat input is 

q m =300 + 300 = 600 kJ/kg 


The heat rejected is 

^ out = C P (Tie - (T 2 - T 3 ) 

= ( 1 .005 kJ/kg • K)(520.2 - 290 + 430.9 - 290) R 
= 373.0 kJ/kg 

The thermal efficiency of the cycle is then 

jj =l_i^L = l_^Z+l = 0.378 
q m 600 
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9-134 A regenerative gas-turbine cycle with three stages of compression and three stages of expansion is considered. The 
thermal efficiency of the cycle is to be determined. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 

Analysis The temperatures at various states are obtained as follows 

T 2 =T 4 =T 6 = T ir ( p k ~ l)/k = (290 K)(4)°' 4/1 ' 4 = 430.9 K 
T 7 = T 6 + 20 = 430.9 + 20 = 450.9 K 

9 in = c d( T S ~ T 1 ) 


in ~ p v- 8 "7 

<7 in 


T* =T 


7 


= 450.9 K + 3Q ° kJ/k g = 749.4 K 


c 


1.005 kJ/kg-K 


T 9 =T, 




\ r p J 


= (749.4 K) 


y p 0.4/1. 4 

V4y 


= 504.3 K 



T w =T g + — = 504.3 K+ 300kJ/k g = 802.8 K 


c 


p 


1.005 kJ/kg-K 


^11 “^10 


r \(k-\)/k 


K r P J 


= (802.8 K) 


f ^ ^ 0.4/ 1.4 

V4y 


= 540.2 K 


T n =T n +— = 540.2 K+ 300kJ/k g - 838.7 K 


c 


p 


^13 “ ^12 


r \(k-\)/k 


\ r p J 


= (838.7 K) 


1.005 kJ/kg-K 
1 


y 1 x 0.4/1. 4 


v4y 


= 564.4 K 


T l4 = r 13 - 20 = 564.4 - 20 = 544.4 K 
The heat input is 

q in = 300 + 300 + 300 = 900 kJ/kg 


The heat rejected is 

4out = Cp(T- ! 4 -T { ) + c p (T 2 -T 3 ) + c p (T 4 -T 5 ) 

= ( 1 .005 kJ/kg • K)(544.4 - 290 + 430.9 - 290 + 430.9 - 290) R 
= 538.9 kJ/kg 

The thermal efficiency of the cycle is then 

>1 = 1 - 7 ^ = 1-^2 = 0.401 = 40 . 1 % 
q m 900 
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9-135 A regenerative gas-turbine cycle with three stages of compression and three stages of expansion is considered. The 
thermal efficiency of the cycle is to be determined. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 

Analysis Since all compressors share the same compression ratio and begin at the same temperature, 


T 2 =T 4 =T 6 = T ir f~ l)lk = (290 K)(4)°' 4/l4 = 430.9 K 



The simultaneous solution of above equations using EES software gives the following results 

T 7 = 520.7 K, r 8 =819.2 K, r 9 =551.3 K 

7j 0 = 849.8 K, T n = 571.9 K, 7j 2 = 870.4 K, T 13 =585.7K 


From an energy balance on the regenerator, 

^7 -^6 =^13 -^14 

(r 13 -65) -T 6 =T l3 -T u >T h = T 6 +65 = 430.9 + 65 = 495.9 K 

The heat input is 

q in = 300 + 300 + 300 = 900 kJ/kg 


The heat rejected is 

<7 out =Cp(T 14 -T x ) + c p (T 2 -T 3 ) + c p (T 4 -T 5 ) 

= (1 .005 kJ/kg • K)(495.9 - 290 + 430.9 - 290 + 430.9 - 290) R 
= 490.1 kJ/kg 

The thermal efficiency of the cycle is then 

r, = 1 - = 1 - = 0.455 = 45 . 5 % 

q m 900 
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9-136C The power developed from the thrust of the engine is called the propulsive power. It is equal to thrust times the 
aircraft velocity. 


9-137C The ratio of the propulsive power developed and the rate of heat input is called the propulsive efficiency. It is 
determined by calculating these two quantities separately, and taking their ratio. 


9-138C It reduces the exit velocity, and thus the thrust. 
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9-139E A turboprop engine operating on an ideal cycle is considered. The thrust force generated is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
constant specific heats at room temperature. 4 The turbine work output is equal to the compressor work input. 

Properties The properties of air at room temperature are R = 0.3704 psiaftVlbm-R (Table A- IE), c p = 0.24 Btu/lbm-R and k 
= 1.4 (Table A-2Ea). 

Analysis Working across the two isentropic processes of the cycle yields 

T 2 = T x r^~ x)lk = (450 R)(10)°' 4/1 ' 4 = 868.8 R 7 M a / T 3 


T 5 =T 3 


(k~l)/k 


= (1400 R) 


0 . 4 / 1. 4 


= 725.1 R 


Since the work produced by expansion 3-4 equals that used by 
compression 1-2, an energy balance gives 

r 4 =T 3 ~(T 2 - T x ) = 1400 -(868.8 -450) = 98 1.2 R 



The excess enthalpy generated by expansion 4-5 is used to increase the kinetic energy of the flow through the propeller, 


m e c (T 4 -T 5 ) = m 


y 2 . -V 2 . 
r exit v inlet 


which when solved for the velocity at which the air leaves the propeller gives 


v e * = 2— c (r 4 -r 5 )+y i: 


1 ( 25 037 ft 2 /s 2 ^ 

= 2 — (0.24 Btu/lbmR)(98 1.2- 725. 1)R — + (600 ft/s) 2 

20 ^ 1 Btu/lbm 

= 716.9 ft/s 


The mass flow rate through the propeller is 


= 


m P = 


= (0-3704 P sia.ft 4 )(450R) = 2Q _ 84 ft3/lbm 


P x 8 psia 

AVj nD 1 V! 7r(10ft) 


600 ft/s 


4 i/, 


4 20.84 ft 3 /lbm 


= 2261 lb m/s 


The thrust force generated by this propeller is then 


F = m (V exit - V inlet ) = (226 1 lbm/s)(7 16.9 - 600)ft/s 


llbf 

32.174 lbm-ft/s 


= 8215 Ibf 
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9-140E A turboprop engine operating on an ideal cycle is considered. The thrust force generated is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
constant specific heats at room temperature. 4 The turbine work output is equal to the compressor work input. 

Properties The properties of air at room temperature are R = 0.3704 psiaftVlbm-R (Table A- IE), c p = 0.24 Btu/lbm-R and k 
= 1.4 (Table A-2Ea). 

Analysis Working across the two isentropic processes of the cycle yields 

T h , 3 

T 2 = T x r {k ~ V),k = (450 R)(10)°' 4/l4 = 868.8 R <7.n 


t 5 =t 3 


(k~l)/k 


= (1400 R) 


0 . 4 / 1. 4 


= 725.1 R 


Since the work produced by expansion 3-4 equals that used by compression 
1 - 2 , an energy balance gives 

r 4 =T 3 -(T 2 - T x ) = 1400 -(868.8 -450) = 981. 2 R 
The mass flow rate through the propeller is 



</i = 


m P = 


RT_ = (0.3704 psia ft )(450 R) = mg4 ft 3/lbm 
P 8 psia 

AV, nD 2 V, tt(8 ft ) 2 600 ft/s , AAn 


4 i/, 


4 20.84ft 3 /lbm 


= 1447 lbm/s 


According to the previous problem, 


m e = 


m P 2261 lbm/s 


= 1 13.1 lbm/s 


The excess enthalpy generated by expansion 4-5 is used to increase the kinetic energy of the flow through the propeller, 


m e c (T 4 - T 5 ) = m 


V 2 - -V- 2 , 

v exit v inlet 


which when solved for the velocity at which the air leaves the propeller gives 


C _ / T' r T \ i 1/4 


^exit = 2^-c(T a -T 5 ) + V x 


= 2 113 - llbm/s (0.24 Btu/lbm • R)(98 1 .2 - 725. 1)R^ 25 ’ 037 ft , /s 1 + (600 ft / s) 2 
1447 lbm/s ^ 1 Btu/lbm 

= 775.0 ft/s 


The thrust force generated by this propeller is then 


F = ,n (V exit -V inlet ) = (14471bm/s)(775-600)ft/s 


1 lbf 

32.174 lbm-ft/s 


7870 lbf 
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9-141 A turbofan engine operating on an ideal cycle produces 50,000 N of thrust. The air temperature at the fan outlet 
needed to produce this thrust is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
constant specific heats at room temperature. 4 The turbine work output is equal to the compressor work input. 

Properties The properties of air at room temperature are R = 0.287 kPa-nr/kg-K, c p = 1.005 kJ/kg-K and k = 1.4 (Table A- 
2a). 

Analysis The total mass flow rate is 

RT (0.287 kPa-m 3 )(253K) , „„ 3 „ , 

P 50kPa 


AV X tiD 1 V l ^-(2.5 m) 200 m/s 
Vi 4 ^ 4 1.452 m 3 /kg 


= 676.1 kg/s 


Now, 


m 676.1 kg/s . 

m = — = = 84.5 1 kg/s 



The mass flow rate through the fan is 

riif -m-m e - 676.1-84.51 = 591.6 kg/s 

In order to produce the specified thrust force, the velocity at the fan exit will be 


F tit j? (V exit V inlet ) 

t; T7 F .. 50,000 N f 1 kg -m/s 

^exit = Vinlet + ~ = ( 200 m/s ) + ~ 


591.6 kg/s IN 


= 284.5 m/s 


An energy balance on the stream passing through the fan gives 


c P (T 4 T 5 ) - 


y 2 . -y. 2 . 

r exit r inlet 


t 5 =t a - 


y 2 . —V 2 

v exit v inlet 


= 253 K - 


(284.5 m/s) 2 -(200 m/s) 2 
2(1.005 kJ/kg-K) 


lkJ/kg 

1000m 2 /s 2 


232.6 K 
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9-142 A pure jet engine operating on an ideal cycle is considered. The velocity at the nozzle exit and the thrust produced 
are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
constant specific heats at room temperature. 4 The turbine work output is equal to the compressor work input. 

Properties The properties of air at room temperature are R = 0.287 kPa-nr/kg-K, c p = 1.005 kJ/kg-K and k = 1.4 (Table A- 
2a). 

Analysis (a) We assume the aircraft is stationary and the air is moving 
towards the aircraft at a velocity of V \ = 240 m/s. Ideally, the air will 
leave the diffuser with a negligible velocity (V 2 = 0). 

Diffuser: 

<^0 (steady) 


F - F = A F 

^ out system 


-> E- m E out 


Vr 


<P0 


+ V \ / 2 — h 2 + V 2 / 2 > 0 — h 2 — /q H — ~ 

° = c p( T 2 -T\)-Vi /2 


-V, 


2 



V, 


T 2 = 7\ + = 260 K + 


(240 m/s)' 


P2=P, 


2 c 


1 2 

v 7 ! y 


(2X1.005 kJ/kg • k) 


lkJ/kg 


v 1000 m 2 /s 2 j 


= 288.7 K 


k/(k-\) 


= (45 kPaf 


288.7 K 


\ 1. 4/0.4 


\ 260 K 

Compressor: 

p 3 =p 4 = {r \p 2 ) =(13X64.88 kPa) = 843.5 kPa 


= 64.88 kPa 


T 3 =T 2 


P 

r p \(*-i )/* 


y 


= (288.7 kX13)°' 4/1 ' 4 = 600.7 K 


Turbine: 


^comp,in ^Wb,out 


■> h 3 -h 2 =h 4 -h 5 > c p (t 3 -T 2 )=c p (t 4 -T 5 ) 


or T 5 =T 4 -T 3 +T 2 =830 -600.7 + 288.7 = 5 18.0 K 
Nozzle: 


t 6 =t a 




\ P 4J 


p out '^system 


(*— l)/* 

= (830 K 

<p0 (steady) 


45 kPa 
843.5 kPa 

> E m = E out 


x 0.4/ 1.4 


= 359.3 K 


h 5 +V 5 2 /2 = h 6 + V 6 2 / 2 


2 2^° 

0 = /u -h* + - ^ — ^ > 0 = c p (t 6 -T 5 )+V 2 /2 


2 


or 


v, =v . = 

v A K ex/7 


1 


(2X1.005 kJ/kg • kX518.0-359.3)K 


T000 m 2 /s 2 ^ 
1 kJ/kg 


= 564.8 m/s 


The mass flow rate through the engine is 

RT (0.287 kPa-m 3 )(260K) , £CO 3 „ 

c/j = - = _ _ = 1.658 m /kg 


m = 


P 45 kPa 

,2 t 7 _/i r „_\ 2 


AVj /rZ) V 7 ! ;r(1.6m) 240 m/s 


1/ 


4 c/ 


4 1.658 m 3 /kg 


= 291.0 kg/s 


The thrust force generated is then 


F = m(V exit - V inlet ) = (291 .0 kg/s)(564.8 - 240)m/s 


IN 


1 kg • m/s 


94,520 N 
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9-143 A turbojet aircraft flying at an altitude of 9150 m is operating on the ideal jet propulsion cycle. The velocity of 
exhaust gases, the propulsive power developed, and the rate of fuel consumption are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
constant specific heats at room temperature. 4 Kinetic and potential energies are negligible, except at the diffuser inlet and 
the nozzle exit. 5 The turbine work output is equal to the compressor work input. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg.K and k = 1.4 (Table A-2a). 

Analysis (a) We assume the aircraft is stationary and the air is moving 
towards the aircraft at a velocity of V \ = 320 m/s. Ideally, the air will 
leave the diffuser with a negligible velocity (V 2 = 0). 

Diffuser: 

<FQ (steady) 


^in ^out ^-^system 


-> E in = £ out 


2^° 2 

h x +Vf 12 = h 2 +V 2 2 12 >0 = h 2 -h x +- ~~ 1 


2 


o = c„(r 2 -t x )-V{ 12 


Ti = T\ + 


V, 


2c 


= 241 K + 


(320 m/s)' 


(2X1.005 kJ/kg-K) 


1 kJ/kg 


v 1000 m 2 /s 2 j 



Pi=Pi 


f rji ^ 

1 2 


k/(k- 1) 


= (32 kPa 


291.9 K 
241 K 


xl. 4/0.4 


= 62.6 kPa 


Compressor: 

P 3 = P 4 = (r \p 2 ) = (12X62.6 kPa)= 751.2 kPa 




4 A 4 


\ P 2 J 


(k-l)/k 


= (291.9 kX12)°' 4/1 ' 4 = 593.7 K 


Turbine: 

or 

Nozzle: 


w comp,in “ w turb,out > ^3 ^2 “^4 ^5 > c p{^3 ^2 ) “ c p(^4 ^5) 

r 5 = T a -T 3 +T 2 = 1400 - 593.7 + 291.9 = 1098. 2K 


t 6 =t 4 


r p xN )/k 


\ P 4J 


Pin Pout ^^system 


= (1400 K 

<P0 (steady) 


32 kPa 
751.2 kPa 

> E m = Pout 


N 0.4/1. 4 


= 568.2 K 


h 5 +y 5 2 12 = h 6 + V l / 2 


0 = h* - he + 


? 7 <?0 

v 6 2 -v 5 2 


2 


*0 = c(T 6 -T 5 )+V 6 2 /2 


or 

(b) 

(c) 


V,. = 


i 


(2X1.005 kJ/kg -K)(l 098.2 -568.2)K 


4 1000m 2 /s 2 ^ 
1 kJ/kg 


= 1032 m/s 


w p = w(y exit -y inlet Kircraft = (60 kg/sXl032- 320)m/s(320 m/s_ 


= 13,670 kW 


/ 1 kJ/kg 

\1000m 2 /s 2 

Q in = m(h 4 -h 3 )= me (t 4 -T 3 )= (60 kg/sXl .005 kJ/kg • K)(l400 -593.7 )k = 48.620 kJ/s 


m fuel - 


Q m 48,620 kJ/s 


HV 42,700 kJ/kg 


= 1.14 kg/s 
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9-144 A turbojet aircraft is flying at an altitude of 9150 m. The velocity of exhaust gases, the propulsive power developed, 
and the rate of fuel consumption are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
constant specific heats at room temperature. 4 Kinetic and potential energies are negligible, except at the diffuser inlet and 
the nozzle exit. 


Properties The properties of air at room temperature are c p = 1.005 kJ/kg.K and k = 1.4 (Table A-2a). 

Analysis (a) For convenience, we assume the aircraft is stationary and the air is moving towards the aircraft at a velocity of 
V i = 320 m/s. Ideally, the air will leave the diffuser with a negligible velocity (V 2 = 0). 

Diffuser: 


^in ^out ^^system 
^in — ^out 


<?Q (steady) 


hi +V 1 2 12 = h 2 + V 2 I 2 


0 = hr) — hi + 


2 <P0 9 

Vi -V{ 
2 


° = cJt 2 -T x )-Vi 12 



T 2 =T\ + 


Xi 

2c 


= 241 K + 


p 


(320 m/s) 2 
(2X1.005 kJ/kg-K) 


1 kJ/kg 


v 1000m 2 /s 2 J 


P 2 =P X 


r T ^ 

1 o 




k/(k- 1 ) 


= (32 kPaf 


291.9 K 


1. 4/0.4 


\ 241 K 


= 62.6 kPa 


291.9 K 


Compressor: 

P 3 = P 4 = (r )(P 2 ) = (12)(62.6 kPa)= 751.2 kPa 


T 3s = t 2 


P 

r p \(*-i)/* 


\ P 2 ) 


= (291.9 K)(l2) 0 ' 4/1 ' 4 = 593.7 K 


= 


h 3 ,-h 2 c p (t 3s ~T 2 ) 


'3s 

h 3 _ h 2 


c p ( T 3-T 2 ) 

T 3 =T 2 + (t 3s -T 2 )/ti c =291.9 + (593.7 -291.9)/(0.80)= 669.2 K 


Turbine: 


or, 


*h 3 -h 2 =h A -h 5 > cAT 3 -T 2 )=c p {T A -T 5 ) 


^comp,in ^turb,out 


r 5 =T 4 -T 3 +T 2 = 1400-669.2 + 291.9 = 1022.7 K 


h A -h 5 c p (T A T s ) 


^4 h 5s c p (T A T 5s ) 

T 5s =T a -{t a -T 5 )/j 7t = 1400- (1400-1022. 7)/ 0.85 = 956.1 K 


^5=^4 


r T \k/(k- 1 ) 

1 5s 


V T 4 J 


= (751.2 kPa 


{ 


956.1 K 


x 1. 4/0.4 


\ 1400 K 


= 197.7 kPa 
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Nozzle: 


or, 


(b) 


(c) 


t 6 =t 5 


r p \{k-l)/k 


V p 5 J 


= (1022.7 K 


32 kPa 
197.7 kPa 


\ 0.4/1. 4 


= 607.8 K 


^in ^out 

P in = P out 

h 5 +v 5 2 / 2 = h 6 +v 6 2 / 2 


<P0 (steady) 


0 = h 6 -h 5 d 


9 9^0 

V 6 ~ “L 


2 


0 = c p {T 6 -T 5 )+v£ /2 


V* = 


1 


(2X1.005 kJ/kg-KXl 022.7 -607.8)K 


/ 1000 m 2 /s 2 A 
lkJ/kg 


= 913.2 ni/s 


2,2 


/n(Vexit ^inlet aircraft . 

= (60 kg/s)(913.2-320)m/s(320 m/sj — 1 kJ/kg 

= 11,390 kW 

Q. n = m(/z 4 - h 3 ) = mc p (r 4 - r 3 ) = (60 kg/s\l .005 kJ/kg • K)(l400 - 669.2)K = 44,067 kJ/s 
Q m 44,067 kJ/s 


^fuel “ 


HV 42,700 kJ/kg 


= 1.03 kg/s 
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9-145 A turbojet aircraft that has a pressure rate of 9 is stationary on the ground. The force that must be applied on the 
brakes to hold the plane stationary is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
variable specific heats. 4 Kinetic and potential energies are negligible, except at the nozzle exit. 

Properties The properties of air are given in Table A- 17. 

Analysis (a) Using variable specific heats for air, 

Compressor: 

7j = 290 K > h x = 290. 16 kJ/kg 

P =1.2311 

r \ 

P ri = —P ri = (9Xl .2311) = 11. 08 > h 2 =544.07 kJ/kg 

P\ 

<2in = m f uei x HV = (0.5 kg/s)(42,700 kJ/kg) = 21,350 kJ/s 
Q m 21,350 kJ/s 



> s 


^ m m 20 kg/s 


= 1067.5 kJ/kg 


q. n =h 3 - h 2 > h 3 =h 2 + q in = 544.07 + 1067.5 = 161 1.6 kJ/kg > P r = 568.5 


Turbine: 


w 


comp, in “ w turnout * ^2 ^1 “ ^3 ^4 


or 


Nozzle: 


h A =h 3 -h 2 + h x = 161 1.6 - 544.07 + 290.16 = 1357.7 kJ/kg 


P, =P, 




J 


= (568. 5 U =63.17 > h 5 =888.56 kJ/kg 


^in ^out ^'system 
^in “ ^out 


h 4 + V 4 !2 = h 5 +V 5 2 /2 


<P 0 (steady) 


0 = h 5 - h 4 + 


2 7 <P0 

V 5 -Vj 
2 


or 


V 5 - ^2{h 4 ~h$) - 


i 


(2X1357.7 -888.56)kJ/kg 


TOOO m 2 /s 2 ^ 
IkJ/kg 


= 968.6 m/s 


Brake force = Thrust = m(V exit - V inlet ) = (20 kg/s)(968.6 - 0)m/s 


' IN ' 
1 kg • m/s 2 


19,370 N 
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9-146 



Problem 9-145 is reconsidered. The effect of compressor inlet temperature on the force that must be applied to 


the brakes to hold the plane stationary is to be investigated. 
Analysis Using EES, the problem is solved as follows: 


P_ratio =9 

T_1 = 7 [C] 

T[1] = T_1+273 "[K]" 

P[1]= 95 [kPa] 

P[5]=P[1] 

Vel[1]=0 [m/s] 

V_dot[1] = 18.1 [m A 3/s] 

HVJuel = 42700 [kj/kg] 
m_dot_fuel = 0.5 [kg/s] 

Eta_c =1.0 
Eta_t =1.0 
Eta_N = 1 .0 

"Inlet conditions" 
h[1]=ENTHALPY(Air,T=T[1]) 
s[1]=ENTROPY(Air,T=T[1],P=P[1]) 
v[1 ]=volume(Air,T =T[1 ],P=P[1 ]) 
m_dot = V_dot[1]/v[1] 

"Compressor anaysis" 

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor" 

P_ratio=P[2]/P[1]"Definition of pressure ratio - to find P[2]" 

T_s[2]=TEMPERATURE(Air,s=s_s[2],P=P[2]) "T_s[2] is the isentropic value of T[2] at compressor exit" 
h_s[2]=ENTHALPY(Air,T=T__s[2]) 

Eta_c =(h_s[2]-h[1])/(h[2]-h[1]) "Compressor adiabatic efficiency; Eta_c = W_dot_cJdeal/W_dot_c_actual. " 
m_dot*h[1] +W_dot_c=m_dot*h[2] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 

"External heat exchanger analysis" 

P[3]=P[2]"process 2-3 is SSSF constant pressure" 
h[3]=ENTHALPY(Air,T=T[3]) 

Q_dot_in = m_dot_fuel*HV_fuel 

m dot*h[2] + Q_dot_in= m_dot*h[3]"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0" 

"Turbine analysis" 
s[3]=ENTROPY(Air,T=T[3],P=P[3]) 

s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine" 

{P_ratio= P[3] /P[4]} 

T_s[4]=TEMPERATURE(Air,h=h_s[4]) "Ts[4] is the isentropic value of T[4] at turbine exit" 
{h_s[4]=ENTHALPY(Air,T=T_s[4])} "Eta_t = W_dot_t /Wts_dot turbine adiabatic efficiency, Wts_dot > W_dot_t" 
Eta_t=(h[3]-h[4])/(h[3]-h_s[4]) 

m_dot*h[3] = W dot_t + m dot*h[4] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 
T[4]=TEMPERATURE(Air,h=h[4]) 

P[4]=pressure(Air,s=s_s[4],h=h_s[4]) 

"Cycle analysis" 

W_dot_net=W_dot_t-W_dot_c"Definition of the net cycle work, kW" 

W_dot_net = 0 [kW] 

"Exit nozzle analysis:" 
s[4]=entropy('air',T=T[4],P=P[4]) 

s_s[5]=s[4] 'For the ideal case the entropies are constant across the nozzle" 

T_s[5]=TEMPERATURE(Air,s=s_s[5], P=P[5]) "T_s[5] is the isentropic value of T[5] at nozzle exit" 
h_s[5]=ENTHALPY(Air,T=T_s[5]) 

Eta N=(h[4]-h[5])/(h[4]-h_s[5]) 

m_dot*h[4] = m dot*(h_s[5] + Vel_s[5] A 2/2*convert(m A 2/s A 2, kJ/kg)) 
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m_dot*h[4] = m_dot*(h[5] + Vel[5] A 2/2*convert(m A 2/s A 2,kJ/kg)) 

T[5]=TEMPERATURE(Air,h=h[5]) 

s[5]=entropy('air , ,T=T[5],P=P[5]) 

"Brake Force to hold the aircraft:" 

Thrust = m_dot*(Vel[5] - Vel[1 ]) "[N]" 

BrakeForce = Thrust "[N]" 

"The following state points are determined only to produce a T-s plot" 

T[2]=temperature('air',h=h[2]) 

s[2]=entropy('air , ,T=T[2],P=P[2]) 


Brake 

Force 

TNI 

m 

[kg/s] 

t 3 

[K] 

Ti 

[C] 

21232 

23.68 

1284 

-20 

21007 

23.22 

1307 

-15 

20788 

22.78 

1330 

-10 

20576 

22.35 

1352 

-5 

20369 

21.94 

1375 

0 

20168 

21.55 

1398 

5 

19972 

21.17 

1420 

10 

19782 

20.8 

1443 

15 

19596 

20.45 

1466 

20 

19415 

20.1 

1488 

25 

19238 

19.77 

1510 

30 



L [C] 


Air 
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9-147 Air enters a turbojet engine. The thrust produced by this turbojet engine is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
variable specific heats. 4 Kinetic and potential energies are negligible, except at the diffuser inlet and the nozzle exit. 

Properties The properties of air are given in Table A- 17. 

Analysis We assume the aircraft is stationary and the air is moving towards the aircraft at a velocity of V x = 300 m/s. 
Taking the entire engine as our control volume and writing the steady-flow energy balance yield 


7] = 280 K 
T 2 = 700 K 


h x = 280.13 kJ/ kg 
h 2 =713.27 kJ/kg 


^in -^out ^^system 
^in = -^out 


<P0 (steady) 


Q m + m(h x + V 2 / 2) — m(h 2 ^ 2) 


Gin = m h 2 ~ h l + 


Vi ~V\ 


7°C 

300 m/s 
1 6 kg/s 


/ I V 2 -(300 m/s) : 

15,000 kJ/s = (16 kg/s) 713.27 - 280.13 + — — ^ } - 


15,000 kJ/s 


1 kJ/kg 
1000 m 2 /s 2 



427°C 


It gives 

y 2 = 1048 m/s 

Thus, 

F p = m(v 2 - Vj ) = (l 6 kg/s)(l 048 - 300)m/s = 1 1 ,968 N 
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9-148 The process with the highest exergy destruction for an ideal Otto cycle described in Prob. 9-36 is to be determined. 

Analysis From Prob. 9-36, q m = 582.5 kJ/kg, q out = 253.6 kJ/kg, T\ = 288 K, T 2 = 661.7 K, r 3 = 1473 K, and T 4 = 641.2 K. 
The exergy destruction during a process of the cycle is 


•^dest ^(Agen ^0 


As 


ffin | ffout 

T T 

1 source 1 sink J 


Application of this equation for each process of the cycle gives 
*dest,i-2 = 0 (isentropic process) 

s 3 -s 2 = s a ~ s \ “ c w In — + R\n — 

T 2 v 2 

1 473 K 

= (0.7 1 8 kJ/kg • K) In + 0 - 0.5746 kJ/kg • K 

661.7 K 

\ 


*dest,2-3 “ 


-S 


Vi 


in 


3 ’ 2 


T et 


= (288 K) 


source J 

r 582.5 kJ/kg x 


0.5746 kJ/kg -K 


1473 K 


= 51 .59 kJ/kg 

x dest. 3-4 = 0 (isentropic process) 




x dest,4-l 


5, “5/1 + 


<7 


out 


T 

1 sink J 


= (288 K) 


-0.5746 kJ/kg -K + 


253.6 kJ/kg 
288 K 


= 88.12 kJ/kg 


The largest exergy destruction in the cycle occurs during the heat-rejection process. 
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9-149E The exergy destruction associated with the heat rejection process of the Diesel cycle described in Prob. 9-55E and 
the exergy at the end of the expansion stroke are to be determined. 

Analysis From Prob. 9-55E, q oul = 158.9 Btu/lbm, T\ = 540 R, P\ = 14.7 psia, T 4 = 1420.6 R, P 4 = 38.62 psia and i/ 4 = V\. 
The entropy change during process 4- 1 is 

s l ~S 4 =S { @540R — ^4 @ 14-20.6 R “ ^ l n (^l I P 4 ) 

= 0.60078 - 0.83984 - (0.06855) ln(14.7 / 38.62) 

= -0.1728 Btu/lbm -R 


Thus, 


•^destroyed, 41 ^0 s \ S ‘ 


Qrm 


T 


R 


= (540R^- 0.1728 Btu/lbm- R 


158.9 Btu/lbm 
540 R 


A 


= 65.6 Btu/lbm 


Noting that state 4 is identical to the state of the surroundings, the exergy at the end of the power stroke (state 4) is 
determined from 

^ 4 = (w 4 —Uq)—Tq (s 4 - )+ P 0 (c/ 4 - 1/ 0 ) 

where 

u 4 -u 0 = u 4 -u x = q out = 158.9 Btu/lbm -R 

i/ 4 - 1/ 0 = c/ 4 - i/j = 0 

s 4 = s 4 — Si = 0.1741 Btu/lbm -R 

Thus, 

<f> 4 = (158.9 Btu/lbm) -(540R)(0. 1728 Btu/lbm • R) + 0 = 65.6 Btu/lbm 

Discussion Note that the exergy at state 4 is identical to the exergy destruction for the process 4-1 since state 1 is identical 
to the dead state, and the entire exergy at state 4 is wasted during process 4-1. 
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9-150 The exergy loss of each process for an ideal dual cycle described in Prob. 9-63 is to be determined. 

Analysis From Prob. 9-63, q m , x . 3 = 1 14.6 kJ/kg, T, = 291 K, T 2 = 1037 K, T x = 1141 K, T 3 = 1255 K, and T A = 494.8 K. 
Also, 


tfm,2-x = C V ( T x ~ T i) = (0.718 kj/kg • K)(l 141 - 1037)K = 74.67 kJ/kg 
q out = c v (T a -7\) = (0.718 kJ/kg • K)(494.8-291)K = 146.3 kJ/kg 
The exergy destruction during a process of the cycle is 


-^dest ^(Agen ^0 


As ^ + 

T T 

1 source 1 sink J 


Application of this equation for each process of the cycle gives 


T 

s 2 -s x = c p In — -R\n 


Z 


R 


nnfKiT/i t/\i 1037 K 5148kPa 

= (1 .005 kJ/kg • K) In (0.287 kJ/kg • K) In 


291 K 


90 kPa 


= 0.1 158 kJ/kg -K 

jtdest,i-2 = T 0 (s 2 -sO = (291 K)(0.1158 kJ/kg -K) = 33.7 kj/kg 


T. v . 
s x - s 2 = In — - + R\n — 


T, 


v 


= (0.718 kJ/kg • K) In U41K + 0 = 0.06862 kJ/kg • K 


•^dest, 2-x T 0 


s x~ s 2 


Vm,2-. 


1037 K 

X 



77 


= (291 K) 


0.06862 kJ/kg • K 


74.67 kJ/kg 


source j 


S 3~ S x = C p ln 


- R\n = (1 .005 kJ/kg • K) ln - 1255K 
77, 7T 1 141 K 


1255 K 
0 = 0.09571 kJ/kg -K 


= 2.65 kJ/kg 


•^dest, x-3 ~ Tq 


s 3 s x 


^in, x-3 


77 


= (291 K) 


0.09571 kJ/kg -K 


s 4 -s 3 = In 


77 


source j 


1/ 


114.6 kJ/kg 
1255 K 


= 1 .28 kJ/kg 


7?ln — = c w ln 


77 


To (/ 


+ Mn 

r 3 r c 


= (0.718 kJ/kg • K) ln 4948 K + (0.287 kJ/kg • K) ln — = 0.1339 kJ/kg • K 

1255 K 1.1 

Vdest,3-4 = To C*4 — ) = (291 K)(0.1339 kJ/kg • K) = 39.0 kj/kg 

s x -s A =c„ ln — + R\n — = (0.7 1 8 kJ/kg • K) ln 291K 


77 


v, 


494.8 K 


0 = -0.38 11 kJ/kg -K 


-*dest,4-l - To 


S j ~ S 4 + 


^ out 


^sink J 


= (291 K) 


-0.3811 kJ/kg -K + 


146.3 kJ/kg 
291 K 


= 35.4 kJ/kg 
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9-151 The exergy loss of each process for an air-standard Stirling cycle described in Prob. 9-81 is to be determined. 

Analysis From Prob. 9-81, q m = 1275 kJ/kg, q out = 212.5 kJ/kg, T\ = T 2 = 1788 K, r 3 = r 4 = 298 K. The exergy destruction 
during a process of the cycle is 




= (298 K) 0.7132 kJ/kg -K 


1275 kJ/kg 
1788 K , 


= 0.034 kJ/kg « 0 



-0.7132 kJ/kg -K 


XAoet 'X A — To S A + 


V 

= (298 K)| - 0.7 1 32 kJ/kg • K + 212 - 5kJ/k g = -0.034 kJ/kg * 0 
, 298 K , 


These results are not surprising since Stirling cycle is totally reversible. Exergy destructions are not calculated for processes 
2-3 and 4-1 because there is no interaction with the surroundings during these processes to alter the exergy destruction. 
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9-152 The exergy destruction associated with each of the processes of the Brayton cycle described in Prob. 9-89 is to be 
determined. 

Analysis From Prob. 9-89, q m = 698.3 kJ/kg, q out = 487.9 kJ/kg, and 

T x = 295 K > si =1.68515 kJ/kg • K 

h 2 = 626.60 kJ/kg > s° 2 = 2.441 17 kJ/kg • K 

T 3 =1240K - 


>• s 3 = 3.21751 kJ/kg • K 

h 4 = 783.04 kJ/kg > s° 4 = 2.66807 kJ/kg • K 


Thus, 


P, 


•^destroyed, 12 — ^0^gen,12 — ^o(^2 s l)~^0 s 2 s l ^ n „ 


P 


1 J 


= (310 K)(2.441 17 - 1 .685 15 - (0.287 kJ/kg • K)ln(lO)) = 29.51 kj/kg 


•^destroyed, 23 ^0^gen,23 ^0 


s 3 s 2 + 


Qr, 23 


T 


— Tr 


R J 


s\- s\- R\n 


Po 


<po 


+ 




in 


T 


H 


= (310 K] 3.21751 — 2.441 17 — 


698.3 kJ/kg 
1600 K 


= 105.4 kJ/kg 


•^destroyed, 34 “ ^0 S gen, 34 “ ^0 (^4 ^3 ) “ 


s° 4 -s 0 3 - Pin 


Pa 


P 


3 J 


= (310 K)(2.66807 - 3.21751 - (0.287 kJ/kg • K)ln(l/10)) = 34.53 kJ/kg 


•^destroyed, 41 ^0^ gen, 41 ^0 


s x - s 4 + 


Vr, 41 


T 


— Tr 


R J 


^out 


sj 1 - s° 4 - Pin— + 


Pa 


T 


L 


= (310 k( 1.68515 - 2.66807 + 487 - 9 kJ/k § j = 183-2 kj/kg 
1 310 K 
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9-153 Exergy analysis is to be used to answer the question in Prob. 9-94. 


Analysis From Prob. 9-94, T x = 288 K, T 2s = 585.8 K, T 2 = 618.9 K, T 3 = 873 K, T 4s = 429.2 K, T A = 473.6 K, r p = 12. The 
exergy change of a flow stream between an inlet and exit state is given by 

a ys = h e -hi - T 0 (s e -Si ) 

This is also the expression for reversible work. Application of this equation 
for isentropic and actual compression processes gives 


2.9 


-Si = c „ In 


T 


2 s 


P 


r, 


R\n 


Pi 

Pi 


585 8 K 

= (1.005 kJ/kg • K) In (0.287 kJ/kg • K) ln(12) 

288 K 


= 0.0003998 kJ/kg -K 

w rev, \-2s = C p 2s ~ T \)~ T o( S 2s ~ s \ ) 

= (1 .005 kJ/kg • K)(585.8 - 288)K - (288 K)(0.0003998 kJ/kg • K) = 299.2 kJ/kg 



*2~ s \ = c p ln 




P 


R\n 


Pi 

Pi 


= (1.005 kJ/kg • K) ln 618 ' 9K - (0.287 kJ/kg • K) ln(12) = 0.05564 kJ/kg • K 

288 K 

^rev, 1-2 = C p ( T 2 - ) - T 0 ( S 2~ S \) 

= (1.005 kJ/kg • K)(61 8.9 - 288)K - (288 K)(0.05564 kJ/kg • K) = 3 16.5 kJ/kg 
The irreversibilities therefore increase the minimum work that must be supplied to the compressor by 
Am W = w rev,i-2 -^rev.1-2 s =316.5-299.2 = 17.3 kJ/kg 
Repeating the calculations for the turbine, 


- s 


4.9 


= c „ In 


T, 


T 


R\n 


4.9 


P3 

Pa 


W 


873 K 

= (1.005 kJ/kg • K) ln (0.287 kJ/kg • K) ln(12) = 0.0003944 kJ/kg • K 

4 29 * 2 K 

= C p (^3 “ ^ 4.9 ) “ T 0 (s 3 ~ S 4s ) 

= (1 .005 kJ/kg • K)(873 - 429.2)K - (288 K)(0.0003944 kJ/kg • K) = 445.9 kJ/kg 


s* —Sa = c „ ln 




p 


T a 


R\n 


P3 

Pa 


873 K 

= (1.005 kJ/kg • K) ln (0.287 kJ/kg • K) ln(12) = -0.09854 kJ/kg • K 


w rev,3-4 ~ C p^ 3 ^4.9 ) ^()(^3 s 4s) 

= (1.005 kJ/kg • K)(873 - 473.6)K - (288 K)(-0.09854 kJ/kg • K) = 429.8 kJ/kg 
Aw re v,T = ^rev, 3-4, “ ^rev, 3-4 = 445 .9 - 429.8 = 1 6.1 kJ/kg 
Hence, it is clear that the compressor is a little more sensitive to the irreversibilities than the turbine. 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



9-121 


9-154 The total exergy destruction associated with the Brayton cycle described in Prob. 9-116 and the exergy at the exhaust 
gases at the turbine exit are to be determined. 

Properties The gas constant of air is R = 0.287 kJ/kg-K (Table A-l). 

Analysis From Prob. 9-116, q m = 480.82, q ou{ = 372.73 kJ/kg, and ^ 

T x =310 K > s[ = 1.73498 kJ/kg-K 

h 2 = 618.26 kJ/kg > s° 2 = 2.42763 kJ/kg • K 

T 3 = 1 150 K > s 3 ° = 3.12900 kJ/kg • K 

h 4 = 803. 14 kJ/kg > s° 4 = 2.69407 kJ/kg • K 

h 5 = 738.43 kJ/kg > s° 5 = 2.60815 kJ/kg • K 

and, from an energy balance on the heat exchanger, 

h 5 -h 2 =h 4 -h 6 >h 6 =803. 14 -(738.43 -6 18.26) =682.97 kJ/kg 

>s° 6 = 2.52861 kJ/kg-K 



Thus, 


•^destroyed, 12 ~^0 S gen, 12 “ ^0 2 s l)~^0 s 2 s l ~ 


ft 


P 


1 J 


= (290 K)(2.42763 - 1.73498 - (0.287 kJ/kg • K)ln(7)) = 38.91 kJ/kg 


•^destroyed, 


,34 “ T 0 S gen? 34 - T 0 (^4 S3 ) — T c 


s° 4 -s° 3 - Rln 


ft 


P 


3 J 


= (290 K)(2. 69407 - 3.12900 - (0.287kJ/kg • K)ln(l/7)) = 35.83 kJ/kg 

-^destroyed, regen = gen, regen = ^0 [( S 5 ~ s 2 ) + { s 6 ~ S 4 )] = ^0 ( 5 5 “ ^2 ) + ( 5 6 “ ^4 ). 

= (290 K)(2.60815 - 2.42763 + 2.52861 - 2.69407) = 4.37 kJ/kg 


•^destroyed, 53 -^0^ gen, 53 ^0 


St S c 


4r, 53 


T 


— Tr 


r P o ^ 

- s° 5 - Rln— 


R J 


V 


P, 


T 


H 


= (290 k( 3.12900 - 2.60815 - 480 - 82kJ/kg j = 58 .09 kJ/kg 
v \ 1500 K 


•^destroyed, 61 gen, 61 ^0 


*1 ~ s 6 + 


4r, 61 


T 


— Tr 


R J 


P^° ?out 


^ - ftn — + 


ft 


T 


L 


= (290 k{ 1.73498 - 2.52861 + 372 - 73 kJ/kg 
1 290 K 


= 142.6 kJ/kg 


Noting that h 0 = h@ 2 9 ok = 290.16 kJ/kg and T 0 = 290 K » s j 5 = 1.66802 kJ/kg • K , the stream exergy at the exit of 

the regenerator (state 6) is determined from 

2 <?° 

k = i h 6 - h o ) - T o ( s 6 - s o ) + -y + 

where 

p 4^0 

s 6 -s 0 =s 6 -s l =s° 6 - s ° -R\n-$- = 2.52861 - 1 .66802 = 0.86059 kJ/kg • K 

P 1 

Thus, 

(p 6 =682.97 -290. 16 -(290 KX0.86059 kJ/kg • K)= 143.2 kJ/kg 
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9-155 



Prob. 9-154 is reconsidered. The effect of the cycle pressure on the total irreversibility for the cycle and the 


exergy of the exhaust gas leaving the regenerator is to be investigated. 
Analysis Using EES, the problem is solved as follows: 


"Given" 

T[1]=31 0 [K] 

P[1]=100 [kPa] 

Ratio_P=7 

P[2]=Ratio_P*P[1] 

T[3]=1 1 50 [K] 
eta_C=0.75 
eta_T=0.82 
epsilon=0.65 
T_H=1500 [K] 

T0=290 [K] 

P0=100 [kPa] 

"Analysis for Problem 9-154" 
qjn=h[3]-h[5] 
q_out=h[6]-h[1] 
h[5]-h[2]=h[4]-h[6] 

s[2]=entropy(Fluid$, P=P[2], h=h[2]) 
s[4]=entropy(Fluid$, h=h[4], P=P[4]) 
s[5]=entropy(Fluid$, h=h[5], P=P[5]) 

P[5]=P[2] 

s[6]=entropy(Fluid$, h=h[6], P=P[6]) 

P[6]=P[1] 

h[0]=enthalpy(Fluid$, T=T0) 
s[0]=entropy(Fiuid$, T=T0, P=P0) 
x_destroyed_1 2=T0*(s[2]-s[1 ]) 
x_destroyed_34=T0*(s[4]-s[3]) 
x_destroyed_regen=T0*(s[5]-s[2]+s[6]-s[4]) 
x_destroyed_53=T0*(s[3]-s[5]-q_in/T_FI) 
x_destroyed_61 =T0*(s[1 ]-s[6]+q_out/T0) 

x_total=x_destroyed_12+x_destroyed_34+x_destroyed_regen+x_destroyed_53+x_destroyed_61 
x6=h[6]-h[0]-T0*(s[6]-s[0]) "since state 0 and state 1 are identical" 

"Analysis for Problem 9-1 1 6" 

Fluid$='air' 

"(a)" 

h[1]=enthalpy(Fluid$, T=T[1 ]) 
s[1]=entropy(Fluid$, T=T[1], P=P[1]) 
s_s[2]=s[1] 'isentropic compression" 
h_s[2]=enthalpy(Fluid$, P=P[2], s=s_s[2]) 
eta_C=(h_s[2]-h[1 ])/(h[2]-h[1 ]) 
h[3]=enthalpy(Fluid$, T=T[3]) 
s[3]=entropy(Fluid$, T=T[3], P=P[3]) 

P[3]=P[2] 

s_s[4]=s[3] "isentropic expansion" 
h_s[4]=enthalpy(Fluid$, P=P[4], s=s_s[4]) 

P[4]=P[1] 

eta_T=(h[3]-h[4])/(h[3]-h_s[4]) 

q_regen=epsilon*(h[4]-h[2]) 

"(b)" 

w_C_in=(h[2]-h[1]) 

w_T_out=h[3]-h[4] 
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w_net_out=w_T_out-w_C_in 

q_in=(h[3]-h[2])-q_regen 

eta_th=w_net_out/q_in 


Ratio_P 

Xtotal 

[kJ/kg] 

x6 

[kJ/kg] 

6 

270.1 

137.2 

7 

280 

143.5 

8 

289.9 

149.6 

9 

299.5 

155.5 

10 

308.8 

161.1 

11 

317.8 

166.6 

12 

326.6 

171.9 

13 

335.1 

177.1 

14 

343.3 

182.1 
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9-156 The exergy loss of each process for a regenerative Brayton cycle with three stages of reheating and intercooling 
described in Prob. 9-135 is to be determined. 

Analysis From Prob. 9-135, 

fp = 4, ^i n ,7-8 = 9m, 9-io = 9V ii-i 2 = 300 kJ/kg, 

9out,i4-i = 206.9 kJ/kg, q outt2 . 3 = 9 out ,4-5 = 141.6 kJ/kg, 

T\ = T 3 = T 5 = 290 K , T 2 = T 4 = T e = 430.9 K 

P 7 = 520.7 K, r 8 =819.2 K, r 9 =551.3 K 
P 10 = 849.8 K, T u = 571.9 K, P 12 =870.4K, 

P 13 =585.7 K, T u = 495.9 K 

The exergy destruction during a process of a stream from an inlet state to exit state is given by 



-^dest Po^gen Pq 


s e~ s i 


in ^out 

T T 

source sink 2 


Application of this equation for each process of the cycle gives 


•^dest, 1-2 ^dest, 3-4 ^dest,5-6 ^0 

= (290) 


r P 2 /O 

c In Rln — 

v ' T i * 


430.9 

(1.005)ln (0.287) ln(4) 


290 


i J 

= 0.03 kJ/kg « 0 


x dest, 7-8 _ 


To Po 9in7-8 ^ 

c„ln-^--Pln 8 ’ 

P r r 
V ^7 


P T 

1 1 1 source 2 


= (290) 


(1.005)ln^-0- 300 


520.7 


870.4 


= 32.1 kJ/kg 




•^dest, 9-10 


= P 


P 


c In — - AMn 

y r r p r r 

V 1 9 r l 1 source J 


Tg 9 F in,9-10 


= (290) 


(1.005)ln^-0- 300 


551.3 


870.4 


= 26.2 kJ/kg 




x dest, 11-12 “ ^0 


P 


c _ In -22. - /?ln 
v 7 7\i 


•^dest, 8-9 


= P 


c^-JDn* 
p T P 

V i 8 r 8y 


P\2 Q in, 11-12 

P T 

11 source y 

= (290) 


= (290) 


<1.005)ln™-0- 300 


571.9 


870.4 


= 22.5 kJ/kg 


551 3 ( l^ 

(1.005)ln — (0.287) In 


819.2 


v4y 


= -0.05 kJ/kg « 0 


r 


x dest, 10-11 ~Tq 


P 


c _ In -2- - R\n 
p ^ P 


li 


v ^10 


10 J 


x dest, 12-13 


= Tr 


p ]3 p 

c An — -Rln- 
p ^ P 


V 2*12 


= (290) 


= (290) 


571 9 ( 1 N 

(1.005)ln --(0.287) In 


849.8 


12 J 


585 7 

(1.005)ln --(0.287) In 

870.4 


y i \ 


v4y 


= -0.04 kJ/kg « 0 


= -0.08 kJ/kg « 0 


x dest,14-l _ ^C 


p 


c „ In Rln b 


Pi 9 r out, 14-1 




p 


14 


P 


14 


Psink J 


= (290) 


/I AACM 290 . 206.9 

(1.005)ln 0 + 


495.9 


290 


= 50.6 kJ/kg 


*dest, 2-3 


x dest,4-5 ~Tq 




c „ In — - Pin — + 


P 3 , R out, 2-3 


77 


Po T- 


= (290) 


(1.005)l„^-0 + 14L6 


430.9 


290 


= 26.2 kJ/kg 


•^dest, 


regen 


- Po (^6-7 + ^13-14 ) “ Po 
= (290) 


1 r 7 , P 

c „ in b c „ in 


\ 


P 


p 


P, 


520 7 

(1.005)ln — + (1.005)ln 


6 ^ 13 y 

495.9" 


430.9 


585.7 


= 6.66 kJ/kg 
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9-157 A gas-turbine plant uses diesel fuel and operates on simple Brayton cycle. The isentropic efficiency of the 
compressor, the net power output, the back work ratio, the thermal efficiency, and the second-law efficiency are to be 
determined. 


Assumptions 1 The air-standard assumptions are 
applicable. 2 Kinetic and potential energy changes are 
negligible. 3 Air is an ideal gas with constant specific 
heats. 

Properties The properties of air at 500°C = 773 K are 
c p = 1.093 kJ/kg-K, = 0.806 kJ/kg-K, R = 0.287 
kJ/kg-K, and k= 1.357 (Table A-2b). 

Analysis (a) The isentropic efficiency of the 
compressor may be determined if we first calculate 
the exit temperature for the isentropic case 


Tis =?i 


r p \(k-i)/k 

l'f 


K P l J 


Vc = 


T 2s ~ T, 

T 2 ~T\ 


= (303 K 
(505.6 -303)K 


/ 700 kPa 
1 1 00 k Pa 


x (1.357-1)71.357 



= 0.881 


(533 - 303)K 

( b ) The total mass flowing through the turbine and the rate of heat input are 

= 12.6 kg/s + 0.21 kg/s = 12.81 kg/s 


m, =m a + m f =m a + 


"‘•.12.6k 8 / s+ 12(,k8,S 


AF 60 

Q m = m f q HV rj c = (0.21 kg/s)(42, 000 kJ/kg)(0.97) = 8555 kW 
The temperature at the exit of combustion chamber is 

Q m = the p (T 3 -T 2 ) > 8555 kJ/s = (12.8 lkg/s)(l. 093 kJ/kg.K)(T 3 -533)K 

The temperature at the turbine exit is determined using isentropic efficiency relation 


->r 3 = 1 144 K 


P 4s ~ P 3 


, / 100kPa 2 (1 ' 357 " lwl ' 357 

= (1144 Kl - 


Pa 


y p 3 j 


71 t = 


T3-T4 


h - t 4s 


■>0.85 = 


700 kPa^ 
(1 144 - T 4 )K 


= 685.7 K 


^r 4 = 754.4 K 


(1 144 - 685. 7)K 
The net power and the back work ratio are 

^c,in = rh a c p (T 2 - T x ) = (12.6 kg/s)(1.093 kJ/kg.K)(533 - 303)K = 3168 kW 

W TtOUt = rhc p (T 3 -T 4 ) = (12.81 kg/s)(1.093 kJ/kg.K)(l 144 - 754.4)K =5455 kW 
Wnet = Aout - W Ciin = 5455 -3168 = 2287 kW 


4>w 


W C , M 

w, 


T,out 

(c) The thermal efficiency is 


3168 kW 
5455 kW 


= 0.581 


W, 


7th = 


net 


Gin 


2287 kW 
8555 kW 


= 0.267 


The second-law efficieny of the cycle is defined as the ratio of actual thermal efficiency to the maximum possible thermal 
efficiency (Carnot efficiency). The maximum temperature for the cycle can be taken to be the turbine inlet temperature. 
That is, 


7 


max 


= t - — = t — 

T, 


303 K 
1 144 K 


= 0.735 


and 


7 ii = 


7th 0.267 


7 


max 


0.735 


= 0.364 
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9-158 A modern compression ignition engine operates on the ideal dual cycle. The maximum temperature in the cycle, the 
net work output, the thermal efficiency, the mean effective pressure, the net power output, the second-law efficiency of the 
cycle, and the rate of exergy of the exhaust gases are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at 1000 K are c p = 1.142 kJ/kg-K, c w = 0.855 kJ/kg-K, R = 0.287 kJ/kg-K, and k = 1.336 
(Table A-2b). 


Analysis (a) The clearance volume and the total volume of the engine at the beginning of compression process (state 1) are 

V + 0.0018 m 3 


r = 


K + K: 

</ 


+ 16 = 


t / 


+ (/ = 0.00012 m 3 =V 2 =1/ 


(/, = C/ + V d =0.00012 + 0.0018 = 0.00192 m 3 
Process 1-2: Isentropic compression 

r \ k ~ x 


t 2 =t x 


t/l 


\ V 2J 


P 2 =PI 




\ v zj 


= (343 K)(l6) L33W = 870.7 K 
= (95 kPaXl6) 1336 = 3 8 59 kPa 



Process 2-x and x-3: Constant- volume and constant 
pressure heat addition processes: 


t x =t 2 


Pn 


= (870.7 K) 


7500 kPa 
3859 kPa 


= 1692 K 


P 



q 2 - x =c„(T x -T 2 ) = (0.855 kJ/kg.K)(1692 - 870.7)K = 702.6 kJ/kg 


q 2 - x =q x - 3 =c p (T 3 -T x ) > 702.6 kJ/kg = (0.855 kJ/kg.K)(r 3 -1692)K 

(b) q in = q 2 _ x + q x _ 3 = 702.6 + 702.6 = 1405 kJ/kg 


n o 2308 K ^ 

i/ 3 = i/ x -A = (0.00012 m 3 ) - = 0.0001636 m 3 




Process 3-4: isentropic expansion. 


1692 K 


t 4 =t 3 


p 4 =p 3 


w*- 1 

V ^4 y 


= (2308 K 


0.0001636 m 
0.00192 m 3 


3 X 1.336-1 


= 1009 K 


A* 

\V 4 j 


= (7500 kPa 


0.0001636 m 


3 n 1.336 


= 279.4 kPa 


0.00192 m 

y 

Process 4-1: constant voume heat rejection. 

tfout =c„(r 4 -T^ (0.855 kJ/kg -K)(l009-343)K = 569.3 kJ/kg 
The net work output and the thermal efficiency are 


■>7; = 2308 K 


w 


net, out 


= ?in - ?out = 1405 - 569 3 = 835 ' 8 kJ/k 9 


^ net, out 

*7th = — 

<7in 


835.8 kJ/kg 
1405 kJ/kg 


= 0.5948 = 59.5% 
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(c) The mean effective pressure is determined to be 


m = 


(95 kPa)(0. 00192 nr ) 


RT X (o.287 kPa • m 3 /kg • k)(343 K) 


= 0.001853 kg 


MEP = 


"Wnetout (0.001853 kg)(835.8kJ/kg) 


V\~Vi 


(0.00192 -0.00012)m 
(d) The power for engine speed of 3500 rpm is 


kPa • m 

kf~ 


3 ^ 


860.4 kPa 


n 


2200 (rev/min) 


1 min 
60s 


= 28.39 kW 


Wnet ='»w n et - = (0.001853 kg)(835.8 kJ/kg) 

2 (2 rev/cycle) 

Note that there are two revolutions in one cycle in four-stroke engines. 

(e) The second-law efficieny of the cycle is defined as the ratio of actual thermal efficiency to the maximum possible 
thermal efficiency (Carnot efficiency). We take the dead state temperature and pressure to be 25°C and 100 kPa. 


d max ^ ^ 

1 1 


(25 + 273) K 
2308 K 


= 0.8709 


and 


Tj a = = °' 5948 = 0.683 = 68.3% 


d max 


0.8709 

The rate of exergy of the exhaust gases is determined as follows 


x 4 


-u 4 u 0 T 0 (s 4 s 0 )-c {/ (t 4 r 0 ) T c 


c „ In — - R In 


p 


T, 


o 


Pa 

Pn 


= (0.855X1009-298)- (298) 


1 009 279 4 

(1.142 kJ/kg. K)ln (0.287 kJ/kg. K) In 


n 


298 


2200 (rev/min) 


100 


= 285.0 kJ/kg 


X 4 = mx 4 — = (0.001 853 kg)(285.0 kJ/kg) 

2 (2 rev/cycle) 


1 min 
60s 


A 


9.683 kW 


PROPRIETARY MATERIAL . ©2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



9-128 


Review Problems 


9-159 An Otto cycle with a compression ratio of 7 is considered. The thermal efficiency is to be determined using constant 
and variable specific heats. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 

Properties The properties of air at room temperature are R = 0.287 kPa-nr/kg-K, c p = 1.005 kJ/kg-K, c„ = 0.718 kJ/kg-K, 
and k = 1.4 (Table A-2a). 

Analysis (a) Constant specific heats: 


77th =1- A- = 1 - —A = 0.5408 = 54 . 1 % 


k - 1 


1.4-1 


r - 1 

(b) Variable specific heats: (using air properties from Table A- 17) 
Process 1-2: isentropic compression. 

u x =205.48 kJ/kg 


7j = 288 K > 


v rX = 688.1 


v 


1 


1 


v r2 = — v r2 = -«/ r2 = — (688.1) = 98.3 > u 2 =447.62 kJ/kg 




7 


Process 2-3: (/= constant heat addition. 

u 3 =998.51 kJ/kg 

T, = 1273 K > 3 

c/ r3 =12.045 

q. n =u 3 -u 2 =998.5 1-447.62 = 550.89 kJ/kg 
Process 3-4: isentropic expansion. 

v r4 = — v r3 = rv r3 = (7)(12.045) = 84.32 > u 4 = 475.54 kJ/kg 


Process 4-1: (/= constant heat rejection. 



q om = u 4 - u x = 475.54 - 205.48 = 270.06 kJ/kg 

q = 2mQ6 kJ/kg . = 0,5098 = 51 . 0 % 

q m 550.89 kJ/kg 
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9-160E An ideal diesel engine with air as the working fluid has a compression ratio of 20. The thermal efficiency is to be 
determined using constant and variable specific heats. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 0.240 Btu/lbm-R, c„ = 0.171 Btu/lbm-R, R = 0.06855 
Btu/lbm-R, and k = 1.4 (Table A-2Ea). 

Analysis (a) Constant specific heats: 

Process 1-2: isentropic compression. 


t 2 =t 1 




k - 1 




= (505 R)(20) 04 =1673.8 R 


Process 2-3: P = constant heat addition. 


^ 3^3 

T, 


^2^2 

To 


C4 n 


2260 R 


To 1673.8 R 


= 1.350 



Process 3-4: isentropic expansion. 


T 4 =T 3 


v^4 y 


= T, 


^1.350(/ 2 1 


= T* 


1.350 


\ k — 1 


= (2260 R) 


1.350 

20 


\ 0.4 


= 768.8 R 


w 


q m =h 3 -h 2 = c p (T 3 - T 2 )={ 0.240 Btu/lbm • RX2260 - 1673.8)R = 140.7 Btu/lbm 
9out - w 4 _w i = c v (T 4 -7j)=(0.171 Btu/lbm- r)(768. 8 -505 )r = 45.1 1 Btu/lbm 
net, out = 4in “ 9W = 140 - 7 - 45.1 1 = 95.59 Btu/lbm 
^ net, out 95.59 Btu/lbm 


^th = 




in 


140.7 Btu/lbm 


= 0.6794 = 67 . 9 % 


(Z?) Variable specific heats: (using air properties from Table A- 17) 
Process 1-2: isentropic compression. 

u x = 86.06 Btu/lbm 


7j = 505 R > 


i/ rl =170.82 


(/ 


^r2 = 


C/, 


v r \ =-v ’ = 


rl 


20 


(170.82) = 8.541 


■» 


T 2 =1582.3 R 
Zz 2 =391.01 Btu/lbm 


Process 2-3: P = constant heat addition. 


^3^3 


^2^2 


(/, r, 2260 R 


^3 T 2 


= 2260 R 


t/ 


To 1582.3 R 


= 1.428 


h* =577.52 Btu/lbm 


-> 


c/ r3 = 2.922 

4 in =h 3 -h 2 =577.52 -391.01 = 186.51 Btu/lbm 
Process 3-4: isentropic expansion. 


v 


v 


"r 4 = 


V 


Vr3 = 


1.428c/. 


= 


1.428 


^ r3 = 


20 


1.428 


(2.922) = 40.92 


> u 4 =152.65 Btu/lbm 


Process 4-1: v = constant heat rejection. 

q out = u 4 — u j = 152.65 - 86.06 = 66.59 Btu/lbm 

66.59 Btu/lbm 


Then q th =l-i™L = l- 




in 


186.51 Btu/lbm 


= 0.6430 = 64 . 3 % 
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9-161E A simple ideal Brayton cycle with air as the working fluid operates between the specified temperature limits. The 
net work is to be determined using constant and variable specific heats. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 

Properties The properties of air at room temperature are c p = 0.240 Btu/lbm-R and k = 1.4 (Table A-2Ea). 

Analysis ( a ) Constant specific heats: 



~ c p(l 3 T 4+T\ ^ 2 ) 

- (0.240 Btu/lbm • R)(1460 - 717.8 + 480 - 976.3)R 

= 59.0 Btu/lbm 


(, b ) Variable specific heats: (using air properties from Table A-17E) 

L = 1 14.69 Btu/lbm 

7, = 480 R > 

1 P rl = 0.9182 

P r2 = ^P rl = (12)(0.9182) = 1 1.02 > h 2 = 233.63 Btu/lbm 

P\ 


h, =358.63 Btu/lbm 

T 3 = 1460 R > 3 

P r3 =50.40 

P f 1 ^ 

P r4 =^-P r3 = — (50.40) = 4.12 >h 4 =176.32 Btu/lbm 

P 3 vl2y 

^net — ^turb — ^comp 

= (h 3 -h 4 )-(h 2 -h x ) 

= (358.63 - 176.32) - (233.63 - 1 14.69) 

= 63.4 Btu/lbm 
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9-162 A turbocharged four-stroke V-16 diesel engine produces 3500 hp at 1200 rpm. The amount of power produced per 
cylinder per mechanical and per thermodynamic cycle is to be determined. 

Analysis Noting that there are 16 cylinders and each thermodynamic cycle corresponds to 2 mechanical cycles 
(revolutions), we have 

(a) 



Total power produced 

(No. of cylinders)(No. of mechanical cycles) 


3500 hp 42.41 Btu/min 

(16 cylinders)(1200rev/min) ^ lhp 
= 7.73 Btu/cyl • mech cycle (=8.16 kJ/cyl • mech cycle) 


(b) 


Total power produced 

thermodynamic (No. of cylinders)(No. of thermodynamic cycles) 

3500 hp ( 42.41 Btu/min 

(16 cy linders)( 1 200/2 rev/ min) ^ 1 hp 

= 1 5.46 Btu/cyl • therm cycle (= 16.3 1 kJ/cyl • therm cycle) 


9-163 A simple ideal Brayton cycle operating between the specified temperature limits is considered. The pressure ratio for 
which the compressor and the turbine exit temperature of air are equal is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 

Properties The specific heat ratio of air is k =1.4 (Table A-2). 

Analysis We treat air as an ideal gas with constant specific heats. Using the isentropic relations, the temperatures at the 
compressor and turbine exit can be expressed as 



1 J { 300 K J 

Therefore, the compressor and turbine exit temperatures will be equal when the compression ratio is 16.7. 
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9-164 A four-cylinder spark-ignition engine with a compression ratio of 8 is considered. The amount of heat supplied 
per cylinder, the thermal efficiency, and the rpm for a net power output of 60 kW are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 

Properties The gas constant of air is R = 0.287 kJ/kg-K (Table A-l). The properties of air are given in Table A- 17. 

Analysis (a) Process 1-2: isentropic compression. 

7j =310 K >u x =221.25 kJ/kg 

</, =572.3 

A i 

t/ r =—v r =-(/,. =—(572.3) = 54.50 
" 2 v x r ' r 1 10.5 ’ 

>u 2 =564.29 kJ/kg 

Process 2-3: i/= constant heat addition. 

r 3 =2100K >u 3 =1775.3 kJ/kg 

i/ =2.356 

r 3 

P t Vi (98 kPa (o.0004 m 3 ) , _ , n _ 4 , 

m = = t = 4.406 x 10 kg 

RT { (0.287 kPa • m 3 /kg • Kj(3 10 KJ 

Q. m = m (u 3 -u 2 )= (4.406 x 10^ 4 kg )(l 775.3 - 564.29)kJ/kg = 0.5336 kJ 
( b ) Process 3-4: isentropic expansion. 

v r = — v r =rv r =(10.5X2.356)= 24.74 > w 4 = 764.05 kJ/kg 

4 ^3 3 3 

Process 4-1: i/= constant heat rejection. 

Gout =m{u 4 -Mj) = (4.406 Xl0' 4 kg)(764.05- 221.25 )kJ/kg = 0.2392 kJ 

Woet =G in -Gou, =0.5336 -0.2392 = 0.2944 Id 



c/ 


(c) 


7 7th = 


h = 2 


w 0 2944 k! 
net u.zv 44 kj = 0 _55 17 = 55.2% 


Gin 


w. 


net 


^cyl^net^yl 


0.5336 kJ 
— = (2 rev/cycle) 


45 kJ/s 


4 x (0.2944 kJ/cycle) 


A 60s x 

1 min 


= 4586 rpm 


Note that for four-stroke cycles, there are two revolutions per cycle. 
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9-165 



Problem 9-164 is reconsidered. The effect of the compression ratio net work done and the efficiency of the 


cycle is to be investigated. Also, the T-s and P- v diagrams for the cycle are to be plotted. 
Analysis Using EES, the problem is solved as follows: 


"Input Data" 

T[1]=(37+273) [K] 

P[1]=98 [kPa] 

T[3]= 2100 [K] 

V_cyl=0.4 [L]*Convert(L, m A 3) 
r_v=1 0.5 "Compression ratio" 

W_dot_net = 45 [kW] 

N_cyl=4 "number of cyclinders" 
v[1]/v[2]=r_v 

"The first part of the solution is done per unit mass." 

"Process 1-2 is isentropic compression" 
s[1 ]=entropy(air,T=T[1 j,P=P[1 ]) 
s[2]=s[1] 

s[2]=entropy(air, T=T[2], v=v[2]) 

P[2]*v[2]/T[2]=P[1 ]*v[1 ]/T[1 ] 

P[1]* V [1]-R*T[1] 

R=0.287 [kJ/kg-K] 

"Conservation of energy for process 1 to 2: no heat transfer (s=const.) with work input" 
wjn = DELTAu_12 

DELTAu_12=intenergy(air,T=T[2])-intenergy(air,T=T[1]) 

"Process 2-3 is constant volume heat addition" 
s[3]=entropy(air, T=T[3], P=P[3]) 

{ P[3]*v[3]/T[3]= P[2]*v[2]/T[2]} 

P[3]*v[3]=R*T[3] 

v[3]=v[2] 

"Conservation of energy for process 2 to 3: the work is zero for v=const, heat is added" 
q in = DELTAu_23 

DELTAu_23=intenergy(air,T=T[3])-intenergy(air,T=T[2]) 

"Process 3-4 is isentropic expansion" 

s[4]=entropy(air,T=T[4],P=P[4]) 

s[4]=s[3] 

P[4]*v[4]/T[4]=P[3]*v[3]/T[3] 

{P[4]*v[4]=R*T[4]} 

"Conservation of energy for process 3 to 4: no heat transfer (s=const) with work output" 

- w_out = DELTAu_34 

DELTAu_34=intenergy(air,T=T[4])-intenergy(air,T=T[3]) 

"Process 4-1 is constant volume heat rejection" 
v[4]=v[1] 

"Conservation of energy for process 2 to 3: the work is zero for v=const; heat is rejected" 

- q_out = DELTAu_41 

DELTAu_41=intenergy(air,T=T[1])-intenergy(air,T=T[4]) 
w_net = w_out - wjn 

Eta_th=w_net/q_in*Convert(, %) "Thermal efficiency, in percent" 

"The mass contained in each cylinder is found from the volume of the cylinder:" 

V_cyl=m*v[1] 

"The net work done per cycle is:" 

W_dot_net=m*w_net"kJ/cyl"*N_cyl*N_dot"mechanical cycles/min"*1 "min"/60"s"*1 "thermal cycle"/2"mechanical 
cycles" 
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r v 

L|th 

[%] 

Wnet 

[kJ/kg] 

5 

42 

568.3 

6 

45.55 

601.9 

7 

48.39 

625.7 

8 

50.74 

642.9 

9 

52.73 

655.5 

10 

54.44 

664.6 

11 

55.94 

671.2 



Air Otto Cycle T-s Diagram 
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9-166 An ideal gas Carnot cycle with helium as the working fluid is considered. The pressure ratio, compression ratio, and 
minimum temperature of the energy source are to be determined. 

Assumptions 1 Kinetic and potential energy changes are negligible. 2 Helium is an ideal gas with constant specific heats. 
Properties The specific heat ratio of helium is k= 1.667 (Table A-2a). 

Analysis From the definition of the thermal efficiency of a Carnot heat engine, T 


7 th, Carnot ^ 


T 


L 


T 


*T h = 


T 


L 


H 


'-'7 th, 


Carnot 


(15 + 273) K 
1-0.50 


576 K 


An isentropic process for an ideal gas is one in which P i/ remains constant. 
Then, the pressure ratio is 


P, 


f \k/(k- 1 ) 

1 o 


v r i 7 


^ 576 K A 1,667 /(L667_1) 


288 K 


= 5.65 


Based on the process equation, the compression ratio is 




i/ 


'p' llk 


V +1 J 


= (5.65) 


1/1.667 


2.83 


A 


T 


H 


288 K 



9out 


■> S 


9-167E An ideal gas Carnot cycle with helium as the working fluid is considered. The pressure ratio, compression ratio, 
and minimum temperature of the energy-source reservoir are to be determined. 

Assumptions 1 Kinetic and potential energy changes are negligible. 2 Helium is an ideal gas with constant specific heats. 
Properties The specific heat ratio of helium is k = 1.667 (Table A-2Ea). 


Analysis From the definition of the thermal efficiency of a Carnot heat engine, 


7 th, Carnot ^ 


T 


L 


T 


*T h = 


T 


L 


H 


1-'7th. 


Carnot 


(60 + 460) R 
1-0.60 


1300 R 


An isentropic process for an ideal gas is one in which Pi/ remains constant. 
Then, the pressure ratio is 


Ei 

Px 


T, 


\ 


v^iy 


k/(k-l) 


"1300R_" 
v 520 R , 


1.667 /(1 .667-1) 


= 9.88 


T 


T 


H 


520 R 



Based on the process equation, the compression ratio is 


i/ 2 


h 

vA J 


1 Ik 


(9. 88)1 7 1.667 _ 3 95 
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9-168 The compression ratio required for an ideal Otto cycle to produce certain amount of work when consuming a given 
amount of fuel is to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 4 The combustion efficiency is 100 percent. 

Properties The properties of air at room temperature are k = 1.4 (Table A-2). 

Analysis The heat input to the cycle for 0.043 grams of fuel consumption is P A ^ 

2in =' M fuei4HV =(0.035xl(T 3 kg)(43,000kJ/kg) = 1.505 kJ ' 


The thermal efficiency is then 


7th = 


1.505 kJ 


= 0.6645 



From the definition of thermal efficiency, we obtain the required compression ratio to be 


=!- 


(l-; 7th ) 1/a - 1) (1-0.6645) 1/(1 ' 4-1) 


15.3 
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9-169 An ideal Otto cycle with air as the working fluid with a compression ratio of 9.2 is considered. The amount of heat 
transferred to the air, the net work output, the thermal efficiency, and the mean effective pressure are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 

Properties The gas constant of air is R = 0.287 kJ/kg-K (Table A-l). The properties of air are given in Table A- 17. 
Analysis (a) Process 1-2: isentropic compression. 


T x = 300 K 


u x = 214.07 kJ/kg 

i/, =621.2 

1 1 


*r 2 = =-" ri = 2- (621. 2) = 67.52 

{/, 1 r ' 9.2 


T 2 = 708.3 K 
u 2 =518.9 kJ/kg 




P 2 V 2 P \ V \ 


P 2 = 


v 2 T\ 


p x = (9.2 


708.3 K 
300 K 


(98 kPa)= 2129 kPa 


Process 2-3: i/ = constant heat addition. 


^3 ^3 


T 3 =-^T 2 = 2 T 2 =(2X708.3) =1416.6 K > m 3 =1128.7 kJ/kg 


q m =u 3 — u 2 =1128.7-518.9 = 609.8 kJ/kg 
(b) Process 3-4: isentropic expansion. 

i/,. =—v r =rv r =(9.2X8.593) = 79.06 > u 4 = 487.75 kJ/kg 


Process 4-1: t/= constant heat rejection. 

q out =u 4 -u { =487.75-214.07 = 273.7 kJ/kg 
w net = 9m _ 9out = 609.8 - 273.7 = 336.1 kJ/kg 


</, =8.593 


w,= 336.1 k J/ kg = 55 .i % 
q m 609.8 kJ/kg 


RT X fo.287 kPa • m 3 /kg • k)( 300 K) n 3/1 
= t/, = = 4 ^ = 0.879 m /kg 


1/ = c/. = 

max 1 


98 kPa 


C/ — {/ — 

min 2 


MEP = 


336.1 kJ/kg 


i/i-c/ 2 «/i(l-l/r) 0.879 m 3 /kg 11-1/9.2)1 1 kJ 


lkPa-m 3 


= 429 kPa 
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9-170 An ideal Otto cycle with air as the working fluid with a compression ratio of 9.2 is considered. The amount of heat 
transferred to the air, the net work output, the thermal efficiency, and the mean effective pressure are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic 

and potential energy changes are negligible. 3 Air is an ideal gas with p a 

constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg.K, ^ o, 

c v =0.718 kJ/kg-K, and k = 1.4 (Table A-2a). 

Analysis (a) Process 1-2 is isentropic compression: ^ in ~ ^ , 


T 2 = T l 


= (300 kX9.2) 0 ' 4 = 728.8 K 



P 2 i / 2 P { v { 


u 2 T\ 


c/, r 2 , / 728.8 K V X 

P 2 =— — -P, = (9.2 1 (98 kPa) = 2190 kPa 


300 K 


Process 2-3: (/ = constant heat addition. 


P3V3 ^2^2 


T 3 = T 2 = 2T 2 = (2X728.8)= 1457.6 K 


q m = u 3 -u 2 =c v {T 3 -T 2 ) = (0.718 kJ/kg • KXl 457.6 -728.8)K = 523.3 kj/kg 
( b ) Process 3-4: isentropic expansion. 


(y V - 1 f , X 0 - 4 

L=L — = (1457.6 k(2_ 

\Va v 9.2 7 


= 600.0 K 


Process 4-1: t/= constant heat rejection. 

flout =m 4 -«i = c„(t 4 -7’ 1 )= (0.718 kJ/kg • KX600 - 300 )K = 215.4 kJ/kg 

MV, = 9m “ 7 out = 523.3 - 215.4 = 307.9 kj/kg 

(c) = 2^-= 307,9 ,58.8% 

q in 523.3 kJ/kg 

RT X (o.287 kPa • m 3 /kg • k)( 300 K) n 3/1 

(d) t/ max =^=—1 = A A L = 0.879 m 3 /kg 


98 kPa 


(/ — — 

min 2 


MEP = 


307.9 kJ/kg 


i/i-c/ 2 «/i(l-l/r) (0.879 m 3 /kg h - 1/9.2) [ 1 kJ 


lkPa-m 3 


= 393 kPa 
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9-171E An ideal dual cycle with air as the working fluid with a compression ratio of 12 is considered. The thermal 
efficiency of the cycle is to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 0.240 Btu/lbm.R, c u =0.171 Btu/lbm.R, and k = 1.4 (Table 
A-2E). 


Analysis The mass of air is 




(l4.7 psia)(98/1728 ft 


RT X (0.3704 psia • ft 3 /lbm -R 1(580 R) 


= 0.003881 lbm 


Process 1-2: isentropic compression. 


f u Y 

T 2 = T x — = (580 R)(l4) 0 ' 4 = 1667 R 


1.1 Btu _ 
ok 0.6 Btu 


Zzzzt 1 


Process 2-x: v = constant heat addition, 

Q2-x,in = m ( U x - «2 ) = mc v ( T x - T 2 ) 

0.6 Btu = (0.003881 lbmXo.171 Btu/lbm • R)(r x - 1667 )R 

Process x-3: P = constant heat addition. 

Qx- 3,in = m ( h 3 ~ h x ) = m C p (T3 ~ T x ) 

1.1 Btu = (0.003881 lbm)(0.240 Btu/lbm • R)(t 3 - 257l)R 


T x = 257 1 R 


T 3 = 3752 R 


W P x Vx 


l/ 3 T 3 3752 R 
r ■= — = — = = 1.459 


W x T x 2571 R 


Process 3-4: isentropic expansion. 


T 4= T 3 


1 . 4591 /] 


1.459 


= (3752 R 


1.459 


= 1519 R 


Process 4-1: t/= constant heat rejection. 

Qout =m(u 4 -u 1 )=mc v (T 4 -T l ) 

= (0.003881 lbm Xo. 171 Btu/lbm • RXl519 - 580)R = 0.6229 Btu 


7th=l-% L = l- 


0.6229 Btu 
1.7 Btu 


= 0.6336 = 63 . 4 % 
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9-172 An ideal Stirling cycle with air as the working fluid is considered. The maximum pressure in the cycle and the net 
work output are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic 
and potential energy changes are negligible. 3 Air is an ideal gas with 
constant specific heats. 

Properties The properties of air at room temperature are R = 0.287 
kJ/kg.K, c p = 1.005 kJ/kg.K, = 0.718 kJ/kg-K, and £=1.4 
(Table A-2). 

Analysis ( a ) The entropy change during process 1-2 is 


^2 ^1 



900 kJ/kg 
1800 K 


= 0.5 kJ/kg-K 



and 


s 2 -s l =c v \n— + Rln — > 0.5 kJ/kg • K = (0.287 kJ/kg • K)ln L 

r, i/, c/. 


<P0 


V 


t/, 


P 3 c/ 3 P x v x 


T , 


Z 


*P X =P 3 


3 M 

( b ) The net work output is 


^3 ^1 
T 3 


= P, 


v \ T 3 


= (200 kPa)(5.710 


1800 K 
350 K 


= 5873 


^net = 7th <7 in = 


1 


T 


L 


T t 


Pm = 


V X H J 


350 K 
1800 K 


(900 kJ/kg) = 725 kJ/kg 


= 5.710 

kPa 
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9-173 A simple ideal Brayton cycle with air as the working fluid is considered. The changes in the net work output per unit 
mass and the thermal efficiency are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 


Properties The properties of air are given in Table A- 17. 
Analysis The properties at various states are 


T x = 300 K 


T 3 = 1300 K 


* h x = 300. 19 kJ / kg 

P r = 1.386 

r i 

> h 3 = 1395.97 kJ/ kg 
P, = 330.9 


For r p = 6, 


P 


P r = — P r = (6X1.386) = 8.316 > h 2 = 501.40 kJ/kg 


P, 


P r = 

'4 

Pm 

7 out 
^net 


Pa 

A 


Pr. = 


f i \ 




(330.9) = 55.15 > h 4 =855.3 kJ/kg 


h 3 -h 2 = 1395.97-501.40 = 894.57 kJ/kg 
h 4 -h x =855.3-300.19 = 555.11 kJ/kg 
q m -<7out - 894.57 -555.1 1 = 339.46 kJ/kg 



7 th = 


For r p =12, 


w net 339.46 kJ/kg 
~q~ “ 894.57 kJ/kg 


= 37.9% 


P 


= —P r = (l2Xl.386) = 16.63 > h 2 = 610.6 kJ/kg 


P, 


P r = 

'4 

7 in 
7 out 
^net 


A 


^ 1 \ 


^ - 


12 


(330.9) = 27.58 > h 4 = 704.6 kJ/kg 




h 3 - h 2 =1395.97 - 610.60 = 785.37 kJ/kg 
/z 4 — h x =704.6-300.19 = 404.41 kJ/kg 
q in -7out - 785.37 - 404.41 = 380.96 kJ/kg 


w 


7th = 


380.96 kJ/kg 

77 “ 785.37 kJ/kg 


= 48.5% 


Thus, 

(a) Aw net = 380.96 - 339.46 = 41.5 kJ/kg (increase) 
(7?) A// th =48.5% -37.9% =10.6% (increase) 
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9-174 A simple ideal Brayton cycle with air as the working fluid is considered. The changes in the net work output per unit 
mass and the thermal efficiency are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are R = 0.287 kJ/kg.K, c p = 1.005 kJ/kg.K, c„ = 0.718 kJ/kg-K, and 
k= 1.4 (Table A-2). 


Analysis Processes 1-2 and 3-4 are isentropic. Therefore, For r p = 6, 


t 2 =t 1 


Ei 

y p U 


{k-l)/k 


= (300 kX6)°' 4/1 ' 4 = 500.6 K 


T 4 = T 3 


Pa 

V P 3 J 


(k-\)/k 


= (l300K)fi 


N 0.4/1. 4 


= 779.1 K 


7in = h 3 ~ h 2 =Cpi T 3 ~ T l) 

= (1.005 kJ/kg • K)(l300-500.6)K = 803.4 kJ/kg 

7 out = h 4 ~ h l = C p( T 4 ~ T i) 

= (1.005 kJ/kg • K)(779.1 -300)K = 481.5 kJ/kg 
w net “9m _ 9out =803.4-481.5 = 321.9 kJ/kg 


7th 


w 


net 


9i 


in 


321.9 kJ/kg 
803.4 kJ/kg 


40.1% 



For r„ =12, 


t 2 =t 1 


4 A A 


K p i J 


(k-l)/k 


= (300 K)(12)°' 4/1 ' 4 = 610.2 K 


T 4 = T 3 


Pa 

\. P 3 ) 


(k-l)/k 


.(i30°k(1 


X 0.4/1. 4 


= 639.2 K 


7,„ =h -h 2 = c p (r 3 -t 2 ) 

= (1.005 kJ/kg • KXl300-610.2)K = 693.2 kJ/kg 

7 out = h 4 ~ h \ = C p( T 4 ~ Ti ) 

= (l .005 kJ/kg • KX639.2 - 300)K = 340.9 kJ/kg 
Wnet = 9in _ 9 0 ut = 693.2 - 340.9 = 352.3 kJ/kg 


7th 


w 


net 


9i 


in 


352.3 kJ/kg _ 5Q 8 % 
693.2 kJ/kg 


Thus, 

(a) A w net = 352.3 -321.9 = 30.4 kJ/kg (increase) 


(b) A /7 th = 50.8% -40.1% = 10.7% (increase) 
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9-175 A regenerative gas-turbine engine operating with two stages of compression and two stages of expansion is 
considered. The back work ratio and the thermal efficiency are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and 
potential energy changes are negligible. 3 Air is an ideal gas with constant 
specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg.K, 
c u =0.718 kJ/kg-K, and it = 1.4 (Table A-2). 

Analysis The work inputs to each stage of compressor are identical, so 
are the work outputs of each stage of the turbine. 


^4s ~ ?2s ~ T\ 




\ p i j 


(k-l)/k 


= (300K)(4) 0 - 4/1 - 4 =445.8 K 


n c = 


h 2s ~ h\ _ c p (T 2s - 7, ) 

cM-Tt) 


h 2 - h x 


* P 4 - P 2 - T\ + (T 2s 7’] )/ r) c 

= 300 + (445.8 -300)/(0.78) 
= 486.9 K 


T<9 s - P 1 s - T 6 


r p 


7 


K p 6 J 


= (1400 K)fi 


n 0.4/1. 4 


= 942. IK 


7!t = 


h 6 -h 7 


c 




h 6 h ls c (t 6 T 1s ) 


*T 9 -T 7 -T 6 ?j t {t 6 T 1s ) 

= 1400 -(0.86Xl 400- 942.1) 
= 1006 K 


c = 


h 5 h 4 c p 


i p 5 - T 4 ) 


h 9 - h 4 


(t 9 -t 4 ) 


C 


+ T 5 -T 4 + s(t 9 - T 4 ) 

= 486.9 + ( 0 . 75 X 1 006 - 486.9) 
= 876.4 K 


w c ,in = 2{h 2 -hi)= 2c p (T 2 - T x ) = 2(l .005 kJ/kg • K)(486.9 - 300 )K = 375.7 kJ/kg 
w-i-out =2(h 6 -h 1 )=2c (T 6 - r 7 )= 2(l. 005 kJ/kg -KX1400-1006 )k = 79 1.5 kJ/kg 



Thus, 


w c,in 375.7 kJ/kg 

r bw = = = 0.475 

^ T , out 791.5 kJ/kg 

9in - (h -h 5 )+ [h s -h 2 )= C p [(r 6 - r 5 ) + (r 8 - t 7 )] 

= ( 1 .005 kJ/kg • K)[(l400 - 876.4) + (1400 - 1006)]K = 922.0 kJ/kg 

^net =^T.out ~ ^Cjn = 791.5 - 375.7 = 415.8 kJ/kg 


7 th 


w 


net 


<7m 


415.8 kJ/kg 
922.0 kJ/kg 


= 0.451 = 45 . 1 % 
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9-176 a * tm Problem 9-175 is reconsidered. The effect of the isentropic efficiencies for the compressor and turbine and 
regenerator effectiveness on net work done and the heat supplied to the cycle is to be investigated. Also, the T-s diagram for 
the cycle is to be plotted. 

Analysis Using EES, the problem is solved as follows: 


"Input data" 

T[6] = 1400 [K] 

T[8] = T[6] 

Pratio = 4 
T[1] = 300 [K] 

P[1]= 100 [kPa] 

T[3] = T[1] 

Eta_reg = 0.75 "Regenerator effectiveness" 

Eta_c =0.78 "Compressor isentorpic efficiency" 

Eta_t =0.86 "Turbine isentropic efficiency" 

"LP Compressor:" 

"Isentropic Compressor anaysis" 
s[1]=ENTROPY(Air,T=T[1] J P=P[1]) 

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor" 

P[2] = Pratio*P[1] 

s_s[2]=ENTROPY(Air,T=T_s[2],P=P[2]) 

"T_s[2] is the isentropic value of T[2] at compressor exit" 

Eta_c = w_compisen_LP/w_comp_LP 

"compressor adiabatic efficiency, W_comp > W_compisen" 

"Conservation of energy for the LP compressor for the isentropic case: 

ejn - e_out = DELTAe=0 for steady-flow" 

h[1] + w_compisen_LP = h_s[2] 

h[1 ]=ENTHALPY(Air,T=T[1 ]) 

h_s[2]=ENTHALPY(Air,T=T_s[2]) 

"Actual compressor analysis:" 
h[1] + wcompLP = h[2] 
h[2]=ENTHALPY(Air,T=T[2]) 
s[2]=ENTROPY(Air,T=T[2], P=P[2]) 

"HP Compressor:" 
s[3]=ENTROPY(Air,T=T[3],P=P[3]) 

s_s[4]=s[3] "For the ideal case the entropies are constant across the HP compressor" 
P[4] = Pratio*P[3] 

P[3] = P[2] 

s_s[4]=ENTROPY(Air,T=T_s[4],P=P[4]) 

"T_s[4] is the isentropic value of T[4] at compressor exit" 

Eta_c = w_compisen_HP/w_comp_HP 

"compressor adiabatic efficiency, W_comp > W_compisen" 

"Conservation of energy for the compressor for the isentropic case: 

ejn - e_out = DELTAe=0 for steady-flow" 

h[3] + w_compisen_HP = h_s[4] 

h[3]=ENTHALPY(Air,T=T[3]) 

h_s[4]=ENTHALPY(Air,T=T_s[4]) 

"Actual compressor analysis:" 
h[3] + wcompHP = h[4] 
h[4]=ENTHALPY(Air,T=T[4]) 
s[4]=ENTROPY(Air,T=T[4], P=P[4]) 
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"Intercooling heat loss:" 
h[2] = q_out_intercool + h[3] 

"External heat exchanger analysis" 

"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0 
e_in - e_out =DELTAe_cv =0 for steady flow" 
h[4] + q_in_noreg = h[6] 

h[6]=ENTHALPY(Air,T=T[6]) 

P[6]=P[4]"process 4-6 is SSSF constant pressure" 

"HP Turbine analysis" 

s[6]=ENTROPY(Air,T=T[6],P=P[6]) 

s_s[7]=s[6] "For the ideal case the entropies are constant across the turbine" 

P[7] = P[6] /Pratio 

s_s[7]=ENTROPY(Air,T=T_s[7],P=P[7])"T_s[7] is the isentropic value of T[7] at HP turbine exit" 
Eta_t = w_turb_HP /w_turbisen_HP "turbine adiabatic efficiency, w_turbisen > w_turb" 

"SSSF First Law for the isentropic turbine, assuming: adiabatic, ke=pe=0 
ejn -eout = DELTAe_cv = 0 for steady-flow" 
h[6] = w_turbisen_HP + h_s[7] 
h_s[7]=ENTHALPY(Air,T=T_s[7]) 

"Actual Turbine analysis:" 
h[6] = w_turb_HP + h[7] 
h[7]=ENTHALPY(Air,T=T[7]) 
s[7]=ENTROPY(Air,T=T[7], P=P[7]) 

"Reheat Q_in:" 

h[7] + q_in_reheat = h[8] 

h[8]=ENTHALPY(Air,T=T[8]) 

"HL Turbine analysis" 

P[8]=P[7] 

s[8]=ENTROPY(Air,T=T[8],P=P[8]) 

s_s[9]=s[8] "For the ideal case the entropies are constant across the turbine" 

P[9] = P[8] /Pratio 

s_s[9]=ENTROPY(Air,T=T_s[9],P=P[9])"T_s[9] is the isentropic value of T[9] at LP turbine exit" 
Eta_t = w_turb_LP /w_turbisen_LP "turbine adiabatic efficiency, w_turbisen > w_turb" 

"SSSF First Law for the isentropic turbine, assuming: adiabatic, ke=pe=0 
ejn -e out = DELTAe_cv = 0 for steady-flow" 
h[8] = w_turbisen_LP + h_s[9] 
h_s[9]=ENTHALPY(Air,T=T_s[9]) 

"Actual Turbine analysis:" 
h[8] = w_turb_LP + h[9] 
h[9]=ENTHALPY(Air,T=T[9]) 
s[9]=ENTROPY(Air,T=T[9], P=P[9]) 

"Cycle analysis" 

w_net=w_turb_HP+w_turb_LP - w comp HP - w comp LP 
q_in_total_noreg=qJn_noreg+qJn_reheat 

Eta_th_noreg=w_net/(q_in_total_noreg)*Convert(, %) "[%]" "Cycle thermal efficiency" 
Bwr=(w_comp_HP + w_comp_LP)/(w_turb_HP+w_turb_LP)"Back work ratio" 

"With the regenerator, the heat added in the external heat exchanger is" 
h[5] + q_in_withreg = h[6] 
h[5]=ENTHALPY(Air, T=T[5]) 
s[5]=ENTROPY(Air,T=T[5], P=P[5]) 

P[5]=P[4] 
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"The regenerator effectiveness gives h[5] and thus T[5] as:" 

Eta_reg = (h[5]-h[4])/(h[9]-h[4]) " 

"Energy balance on regenerator gives h[101 and thus T[10] as:" 

h[4] + h[9]=h[5] + h[10] 

h[1 0]=ENTHALPY(Air, T=T[10]) 

s[1 0]=ENTROPY(Air,T=T[1 0], P=P[1 0]) 

P[10]=P[9] 

"Cycle thermal efficiency with regenerator" 
q_in_total_withreg=q_in_withreg+qJn_reheat 
Eta_th_withreg=w_net/(qJn_total_withreg)*Convert(, %) "[%]" 

"The following data is used to complete the Array Table for plotting purposes." 
S_S[1]=S[1] 

T s[1 ]=T[1 ] 

s _s[3]=s[3] 

T_s[3]=T[3] 

s_s[5]=ENTROPY(Air,T=T[5],P=P[5]) 

T_s[5]=T[5] 

s _s[6]=s[6] 

T_s[6]=T[6] 

s _s[8]=s[8] 

T_s[8]=T[8] 

s_s[10]=s[10] 

T_s[10]=T[10] 


hreg 

TIC 


hth,noreg 

[%] 

hth.withreg 

[%] 

C-lin, total, noreg 

[kJ/kg] 

C| in, total, with reg 

[kJ/kg] 

W ne t 

[kJ/kg] 

0.6 

0.78 

0.86 

30.57 

41.29 

1434 

1062 

438.5 

0.65 

0.78 

0.86 

30.57 

42.53 

1434 

1031 

438.5 

0.7 

0.78 

0.86 

30.57 

43.85 

1434 

1000 

438.5 

0.75 

0.78 

0.86 

30.57 

45.25 

1434 

969.1 

438.5 

0.8 

0.78 

0.86 

30.57 

46.75 

1434 

938.1 

438.5 

0.85 

0.78 

0.86 

30.57 

48.34 

1434 

907.1 

438.5 

0.9 

0.78 

0.86 

30.57 

50.06 

1434 

876.1 

438.5 

0.95 

0.78 

0.86 

30.57 

51.89 

1434 

845.1 

438.5 

1 

0.78 

0.86 

30.57 

53.87 

1434 

814.1 

438.5 


Air 



PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


net [kJ/kg] rjth [°/°] r| th [%] 


9-147 



0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 

Tlreg 






m 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


nth [ % ] Clin, total t kJ/k 9] 


9-148 




PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


9-149 


9-177 A regenerative gas-turbine engine operating with two stages of compression and two stages of expansion is 
considered. The back work ratio and the thermal efficiency are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and 
potential energy changes are negligible. 3 Helium is an ideal gas with constant 
specific heats. 

Properties The properties of helium at room temperature are c p =5.1926 
kJ/kg.K and k = 1.667 (Table A-2). 

Analysis The work inputs to each stage of compressor are identical, so are the 
work outputs of each stage of the turbine. 


P 4s - P 2s - T\ 


r /O 


\ p l J 


(k-\)/k 


= (300K)(4) 


0 . 667 / 1.667 


= 522.4 K 


Vc = 


h 2 s - h x _ c p (r 2 S T\) 

c p (T 2 -T x ) 


h 2 -h x 


^ T A -T 2 -T x + (r 2s T x )/ 7j c 

= 300 + (522.4 -300)/(0.78) 
= 585.2 K 


P 9 s ~ P ls ~ P 6 


r p \( k ~ l )ik 


i 


V P 6 J 


= (1400 k/T 


\ 0 . 667 / 1.667 


= 804.0 K 


7!t = 


h 6 -h 7 


c 




h 6 h ls c (t 6 T 1s ) 


*T 9 -T 7 -T 6 ?j t (t 6 T 1s ) 

= 1400 -(0.86Xl 400- 804.0) 
= 887.4 K 


£ = 


h 5 h 4 p 


{t 5 - T 4 ) 


h 9 - h 4 


(' t 9 -t 4 ) 


C 


+ T 5 -T a + s(t 9 -T a ) 

= 585.2 + (o.75)(887.4 - 585.2) 
= 811.8 K 


w Cin = 2 { h i ~h l )=2c p (T 2 -7\) =2(5. 1926 kJ/kg • K)(585.2 -300+ = 2961 kJ/kg 
w Xi0 ut =2 (/i 6 -hj) = 2c (T 6 -T 7 ) = 2(5 . 1926 kJ/kg • K)(l 400 -887.4+ =5323 kJ/kg 



Thus, 


_ w c,in _ 2961 kJ/kg _ 

^ ~ ^T.out ~ 5323 kJ/kg “ 

7,„ = {he -h 5 )+ (h, -hj) = c p [fa - r 5 ) + fa - T n )] 

= (5.1926 kJ/kg • K)[(l400- 81 1.8)+ (1400 -887.4)]K = 5716 kJ/kg 

w net = w T>out - w C in = 5323 - 2961 = 2362 kJ/kg 


7+ 


w 


net 


<h 


in 


2362 kJ/kg 
5716 kJ/kg 


= 0.4133 = 41 . 3 % 
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9-178 An ideal gas-turbine cycle with one stage of compression and two stages of expansion and regeneration is 
considered. The thermal efficiency of the cycle as a function of the compressor pressure ratio and the high-pressure turbine 
to compressor inlet temperature ratio is to be determined, and to be compared with the efficiency of the standard 
regenerative cycle. 


Analysis The T-s diagram of the cycle is as shown in the figure. If the 
overall pressure ratio of the cycle is r p , which is the pressure ratio 
across the compressor, then the pressure ratio across each turbine 
stage in the ideal case becomes V r p . Using the isentropic relations, the 
temperatures at the compressor and turbine exit can be expressed as 


T 5=T 2 = T\ 


f p ^ 

£2 


(k-l)/k 



t 7 =t 4 = t 3 


( p ') 
M 

(k-l)/ k 

( \ 

1 


UJ 


l Vp) 


(k-l)/k 


T (l-k)/2k 
1 3 r p 



t 6 =t 5 


V 

y p 5j 


(k-\)/k 


r \ 


= T* 


(k-\)/k 


V v J 


r r (l-k)/2k _ T (k-l)/k (\-k)/2k 

1 2'p - J \ r p r p 


T {k-\)/2k 

1 \ r p 


Then, 

q in =h 3 -h 7 =c p (T 3 -T 1 )=c p T 3 (l-r/- k '> ,2k ) 
q oat =h 6 -l h = c p (T 6 -T l ) = c p T 1 (r p {k - l)nk -l) 


and thus 


n * =1 



c p T \\ r P 


(k-\)/2k 



c p T 3 \l~r 


(l-k)/2k 


which simplifies to 


= i_h_ r (*-i)/2* 

T P 


7th 


T, 


The thermal efficiency of the single stage ideal regenerative cycle is given as 


'7 th =1 


Tj_ (k-\)!k 

T ' p 

1 3 


Therefore, the regenerative cycle with two stages of expansion has a higher thermal efficiency than the standard 
regenerative cycle with a single stage of expansion for any given value of the pressure ratio r p . 
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9-179 A gas-turbine plant operates on the regenerative Brayton cycle with reheating and intercooling. The back work ratio, 
the net work output, the thermal efficiency, the second-law efficiency, and the exergies at the exits of the combustion 
chamber and the regenerator are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 

Properties The gas constant of air is R = 0.287 kJ/kg-K. 

Analysis ( a ) For this problem, we use the properties from EES software. Remember that for an ideal gas, enthalpy is a 
function of temperature only whereas entropy is functions of both temperature and pressure. 


Optimum intercooling and reheating pressure is 

p 2 = jpj> 4 = 100)(1200) = 346.4 kPa 

Process 1-2, 3-4: Compression 

T x = 300 K > h x = 300.43 kJ/kg 

T x = 300 K 


P x = 100 kPa 


^ = 5.7054 kJ/kg-K 


p 2 = 346.4 kPa 

s 2 = Sl = 5.7054 kJ/kg.K 


7c = 


h 2s ~ h \ 


h 2 -h x 


->0.80 = 


\h 2s =428.79 kJ/kg 
428.79-300.43 


h 2 - 300.43 


T 



-> h 2 =460.88 kJ/kg 


T 3 =350 K >h 3 =350.78 kJ/kg 


T 3 =350K 
A = 346.4 kPa 


s 3 =5.5040 kJ/kg-K 


P 4 = 1200 kPa 


s 4 = s 3 =5.5040 kJ/kg.K j 


7c = 


h 4s ~ h 3 


h 4 -h 3 


->0.80 = 


h 4s =500.42 kJ/kg 
500.42-350.78 


h 4 -350.78 


Process 6-7, 8-9: Expansion 

T 6 =1400K >h 6 =1514.9 kJ/kg 

>.v 6 =6.6514 kJ/kg-K 


T 6 = 1400 K 


=1200 kPa 


-> h 4 =537.83 kJ/kg 


p 7 = 346.4 kPa 

=6.65 14 kJ/kg.K j 

K~ h i 


7t = 


^6 h ls 


->0.80 = 


h ls =1083.9 kJ/kg 
1514.9 - h 7 


1514.9-1083.9 


-> hn =1170.1 kJ/kg 


r 8 = 1300 K >h % =1395.6 kJ/kg 

= 1300 K 


Po = 346.4 kPa 


s 8 =6.9196 kJ/kg-K 


P 9 =100 kPa 

s 9 =So =6.9196 kJ/kg.K 


h 9s =996.00 kJ/kg 
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77 t = 


/z 8 



>0.80 


1395.6 - h 9 
1395.6-996.00 


> h 9 - 1075.9 kJ/kg 


Cycle analysis: 

Wc ^ =h 2 -h l +h A -h 3 = 460.88 - 300.43 + 537.83 - 350.78 = 347.50 kJ/kg 
Wj out = K ~h 7 +h s - h 9 = 1514.9 - 1 170. 1 + 1395.6 - 1075.9 - 664.50 kJ/kg 


0.523 


^T.out 664.50 


w net = >^T,out - w c,m = 664.50 - 347.50 = 317.0 kJ/kg 


Regenerator analysis: 


h 9 - h 


10 


regen 


h 9 - h 4 


->0.75 = 


1075.9 - h 


10 


1075.9-537.83 


->h l0 =672.36 kJ/kg 


h l0 =672.36 K 
P 10 =100 kPa 


s lQ =6.5157 kJ/kg -K 


q regen = h 9 ~ h \o = h 5 ~ h 4 > 1075.9 - 672.36 = /z 5 -537.83 >h 5 =941.40 kJ/kg 

(b) q m =h 6 -h 5 =1514.9 -941.40 = 573.54 kJ/kg 


7 th = 


W 


net 


q\ 


in 


317.0 

573.54 


0.553 


(c) The second-law efficieny of the cycle is defined as the ratio of actual thermal efficiency to the maximum possible 
thermal efficiency (Carnot efficiency). The maximum temperature for the cycle can be taken to be the turbine inlet 
temperature. That is, 


q 


max 


= 1 --^- 
77 


300 K 
HOOK 


0.786 


and 



q max 


0.553 

0.786 


0.704 


(d) The exergies at the combustion chamber exit and the regenerator exit are 
*6 = h 6 ~ h o ~ t o ( s 6 ~ s o ) 

= (15 14.9 - 3 00. 43) kJ/kg - (300 K)(6.65 14 - 5.7054)kJ/kg.K 

= 930.7 kJ/kg 

-*10 = ^io “ h o - To Oi 0 - s o ) 

= (672.36 - 300.43)kJ/kg - (300 K)(6.5 157 - 5.7054)kJ/kg.K 

= 128.8 kJ/kg 
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9-180 The thermal efficiency of a two-stage gas turbine with regeneration, reheating and intercooling to that of a three- 
stage gas turbine is to be compared. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 

Analysis 
Two Stages: 

The pressure ratio across each stage is 
r p = Vl6 = 4 

The temperatures at the end of compression and expansion are 
T c =T min r ( p k - 1)lk = (283 K)(4)°' 4/1 ' 4 = 420.5 K 


T =T 

x e x max 


r >*(*- 1 )/* 


\ r p J 


= (873 K) 


/ ^ ^ 0 . 4 / 1. 4 

V4y 


= 587.5 K 



The heat input and heat output are 

q [n =2 c p (T m . dX - T e ) = 2(1. 005 kJ/kg- K)(873- 5 87.5) K = 573.9 kJ/kg 
q out = 2 c p (T c -T min ) = 2(1.005 kJ/kg -K)(420.5- 283) K = 276.4 kJ/kg 
The thermal efficiency of the cycle is then 

/7 th =1-^HL = 1-^ZM = o.518 




in 


573.9 


Three Stages: 

The pressure ratio across each stage is 


r p = 16 1/3 =2.520 


The temperatures at the end of compression and expansion are 
T c =7 min rf- 1)/ * = (283 K)(2.520)°' 4/L4 = 368.5 K 


T =T 

e x max 


f ^ \{k-X)!k 


\ r P J 


= (873 K) 


1 


0 . 4 / 1. 4 


2.520 


= 670.4 K 



The heat input and heat output are 

q [n = 3 c p (T max -T e )= 3(1 .005 kJ/kg • K)(873- 670.4) K = 610.8 kJ/kg 


4out =3 c p (T c -T min ) = 3(1.005 kJ/kg -KX368.5- 283) K = 257.8 kJ/kg 
The thermal efficiency of the cycle is then 

^ =i_^ = i_^i = 0.578 
q m 610.8 
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9-181E A pure jet engine operating on an ideal cycle is considered. The thrust force produced per unit mass flow rate is to 
be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
constant specific heats at room temperature. 4 The turbine work output is equal to the compressor work input. 

• • • *3 

Properties The properties of air at room temperature are R = 0.3704 psia-ft /lbm-R (Table A- IE), c p = 0.24 Btu/lbm-R and 
k= 1.4 (Table A-2Ea). 


Analysis (a) We assume the aircraft is stationary and the air is moving 
towards the aircraft at a velocity of V \ = 1200 ft/s. Ideally, the air 
will leave the diffuser with a negligible velocity (V 2 = 0). 

Diffuser: 


^in ^out — ^'system 


<^0 (steady) 


-> E m — E out 


,<*0 


h x +Vf !2 = h 2 +V 2 2 /2 >0 = h 2 -h\ +- 2 


2 


° = c p (t 2 -rJ-yf/2 


t 2 =t,+ 


Vi 


2c 


= 490 R + 


(l200ft/s) : 


(2)(0.24 BtuJlbm • R) 


1 Btu/lbm 
25.037 ft 2 /s 2 


Pi -Pi 


£2 

V T U 


kl(k- 1) 


(lOpsia)l 


. / 609.8 R 


n 1. 4/0.4 


490 R 


= 21.5 psia 



609.8 R 


Compressor: 

P 3 = Pa ={r p \P 2 ) =(9X21.5 psia) =193.5 psia 


T 3 -T 2 


P 3 

\ P 2J 


(k-l)/k 


(609.8 R)(9) 0 - 4/1 - 4 =1 142.4 R 


Turbine: 


W comp,in “ W turb,out > ^3 ^2 “ ^4 ^5 > C 3 ^l)- C p^A ^ 5 ) 


or T 5 =T 4 -T 3 +T 2 = 1160 -1142.4 + 609.8 = 627.4 R 
Nozzle: 


t 6 =t 4 


K P 4J 


(k-\)lk 


= (1 160 R)f 10pSla 
\ 193.5 psia 


0.4/1. 4 


= 497.5 R 


^in ^out - system 


<P0 (steady) 


■> E m - E out 


h 5 +V 3 /2 = h 6 +v£ /2 


2 2^° 

0 = h ~ h 5 + >0 = c p {t 6 - r 5 )+y 6 2 n 


2 


or, 


v, =V . = 
v 6 v exit 


i 


(2X0.24 Btu/lbm • R )(627.4 - 497.5)R 


f 25,037 ft- 2 /s 2 ^ 

1 Btu/lbm 


= 1249 ft/s 


The specific impulse is then 


- = V'ex.t - V mle , = 1249-1200 = 49 m/s 


m 
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9-182 The electricity and the process heat requirements of a manufacturing facility are to be met by a cogeneration plant 
consisting of a gas-turbine and a heat exchanger for steam production. The mass flow rate of the air in the cycle, the back 
work ratio, the thermal efficiency, the rate at which steam is produced in the heat exchanger, and the utilization efficiency 
of the cogeneration plant are to be determined. 


Assumptions 1 The air-standard assumptions are 
applicable. 2 Kinetic and potential energy 
changes are negligible. 3 Air is an ideal gas with 
variable specific heats. 

Analysis (a) For this problem, we use the 
properties of air from EES software. Remember 
that for an ideal gas, enthalpy is a function of 
temperature only whereas entropy is functions of 
both temperature and pressure. 

Process 1-2: Compression 


T x = 20°C — 

r, = 20°c 

P x = 100 kPa 


— = 293.5 kJ/kg 
>s x =5.682 kJ/kg K 


325°C 15°C 



P 2 = 1000 kPa 

s 2 = s x = 5.682 kJ/kg.K 


\h 2s =567.2 kJ/kg 


h 2 , - h \ 

h 2 -h x 


> 0.86 


567.2-293.5 
h 2 -293.5 


> h 2 =61 1.8 kJ/kg 


Process 3-4: Expansion 


T 4 =450°C >h 4 =738.5 kJ/kg 


77t = 


h 3 -h 4 

h 3 - h As 


> 0.88 = 


h 3 -738.5 

h 3 ~ K 


We cannot find the enthalpy at state 3 directly. However, using the following lines in EES together with the isentropic 
efficiency relation, we find h 3 = 1262 kJ/kg, T 3 = 913.2°C, s 3 = 6.507 kJ/kg.K. The solution by hand would require a trial- 
error approach. 

h_3=enthalpy(Air, T=T_3) 

s_3=entropy(Air, T=T_3, P=P_2) 

h_4s=enthalpy(Air, P=P_1, s=s_3) 

Also, 


T 5 = 325°C >h 5 =605.4 kJ/kg 


The inlet water is compressed liquid at 15°C and at the saturation pressure of steam at 200°C (1555 kPa). This is not 
available in the tables but we can obtain it in EES. The alternative is to use saturated liquid enthalpy at the given 
temperature. 


T w i=15°C 
P = 1555 kPa 


h wX = 64.47 kJ/kg 


T w2 = 200°C 
x 2 =1 


■h W 2 = 2792 kJ/kg 


The net work output is 

w c,in = h 2 ~K ~ 611-8 - 293.5 = 318.2 kJ/kg 
^t, out = h -h A =1262- 738.5 = 523.4 kJ/kg 
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w net = w T,out “ w C,in = 523.4 - 3 18.2 = 205.2 kJ/kg 
The mass flow rate of air is 


W net 1500 kJ/s . 

m a = — = -^ T ^ TTT — = 731 1 kg/s 


w net 205.2 kJ/kg 

(b) The back work ratio is 


W C,in 318.2 

0™ = = = 0.608 


^T.out 523.4 
The rate of heat input and the thermal efficiency are 

Q. n = m a (h 3 - h 2 ) = (7.31 1 kg/s)( 1262- 611. 8)kJ/kg = 4753 kW 

^ = 1500kW =a3156 = 3 1 ^ % 


Q 


in 


4753 kW 


(c) An energy balance on the heat exchanger gives 

m a (h 4 -h 5 ) = m w (h w2 -h wl ) 

(7.311 kg/s)(738.5 - 605.4)kJ/kg = m ( 2792 - 64.47)kJ/kg 


-> m 


w 


(d) The heat supplied to the water in the heat exchanger (process heat) and the 
Q p = m w (h w2 -h wl ) = (0.3569 kg/s)(2792 - 64.47)kJ/kg = 973.5 kW 


W n , t + Q„ 1500 + 973.5 


= 


Gin 


4753 kW 


= 0.5204 = 52.0% 


= 0.3569 kg/s 

utilization efficiency are 
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9-183 A turbojet aircraft flying is considered. The pressure of the gases at the turbine exit, the mass flow rate of the air 
through the compressor, the velocity of the gases at the nozzle exit, the propulsive power, and the propulsive efficiency of 
the cycle are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Potential energy changes are negligible. 3 Air is an ideal gas 
with variable specific heats. 

Properties The gas constant of air is R = 0.287 kJ/kg-K (Table A-l). 

Analysis ( a ) For this problem, we use the properties from EES software. 

Remember that for an ideal gas, enthalpy is a function of temperature only 
whereas entropy is functions of both temperature and pressure. 

Diffuser , Process 1-2: 

7j = -35°C — 


■>/*! = 238.23 kJ/kg 


h l+ ^= i h + Vi 


Vi 

2 



(238.23 kJ/kg) + 


(900/3.6 m/s) 


2 


1 kJ/kg 


2/2 


1000 mr/s 


- Ih + 


2 

(15 m/s) 


2 


1 kJ/kg 


2/2 


1000 m"/s 


> s 


->/z 2 = 269.37 kJ/kg 


h 2 = 269.37 kJ/kg 
P 2 = 50 kPa 

Compressor, Process 2-3 : 


\s 2 =5.7951 kJ/kg-K 


P 3 = 450 kPa 


s 3 = s 2 = 5.795 lkJ/kg.Kj 


7c = 


K - h 2 


h 3 h 2 


->0.83 = 


\h 3s =505.19 kJ/kg 
505.19-269.37 


h 3 - 269.37 


Turbine, Process 3-4: 
T 4 = 950°C- 


+ h 3 =553.50 kJ/kg 


h 3 ~ h 2 = h 4 - h 5 


>h 4 = 1304.8 kJ/kg 

—>553.50 - 269.37 = 1304.8 - h 5 


->h 5 =1020.6 kJ/kg 


where the mass flow rates through the compressor and the turbine are assumed equal. 

1304.8-1020.6 


7 t = 


h A ~ h 5 

h 4 - h 5s 


T 4 =950°C 
P 4 = 450 kPa 


>0.83 = 

1304.8 - h 5 , 
s 4 = 6.7725 kJ/kg • K 


-> h 3s =962.45 kJ/kg 


h 5s = 962.45 kJ/kg 

= 6.7725 kJ/kg • K 


>P 5 =147.4 kPa 


(b) The mass flow rate of the air through the compressor is 
W c 500 kJ/s 


m = 


h 3 - h 2 (553.50 - 269.37) kJ/kg 


1 .760 kg/s 


(c) Nozzle, Process 5-6: 

h 5 =1020.6 kJ/kg 


P 5 = 147.4 kPa 


= 6.8336 kJ/kg • K 
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P 6 = 40 kPa 

s 6 = s$ = 6.8336 kJ/kg.K 


h 6s - 709.66 kJ/kg 


Pn = 


h 5 -h 6 


h 5 - Ks 


->0.83 = 


1020.6 - h ( 


1020.6-709.66 


->/i 6 = 762.52 kJ/kg 


V/ V/ 

hc+^- = h 6 +-^- 
2 2 


(1020.6 kJ/kg) + 0 = 762.52 kJ/kg + 




1 kJ/kg 


A 


2/2 


1000 m Vs 


= 718.5 m/s 


where the velocity at nozzle inlet is assumed zero. 

(d) The propulsive power and the propulsive efficiency are 

W p = m(V 6 - V { )V { = (1.76 kg/s)(718.5 m/s - 250 m/s)(250 m/s) 


1 kJ/kg 


2/2 


1000 m /s 


g in =m(h 4 - h 3 ) = (1.76 kg/s)(l 304.8 - 553.50)kJ/kg = 1322kW 


W* 206.1 kW 


7 !n=^— = 


Gin 1322 kW 


0.156 


206.1 kW 
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9-184 The three processes of an air standard cycle are described. The cycle is to be shown on the P- i/and T-s diagrams, and 
the expressions for back work ratio and the thermal efficiency are to be obtained. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Analysis (a) The P- c/and T-s diagrams for this cycle are as shown. 

(b) The work of compression is found by the first law for process 1-2: 


#1-2 ^1-2 ^ U \-2 

q Y _ 2 = 0 (isentropic process ) 

W\- 2 — -A«i_ 2 = —C v (r 2 — 7j ) 

w com p = -Wj_ 2 = C v (T 2 - T x ) 

The expansion work is found by 

3 

w cxp = w 2 3 =\Pdv = P{v 3 -v 2 ) = R{T 3 -T 2 ) 

2 

The back work ratio is 

K.„„ C„(T,-T,) C,.T, (T,/T,-1 ) 

R(t s -t 2 ) RT 2 (T s IT 2 - 1) 

Process 1-2 is isentropic; therefore, 


IV 

k - 1 

1 

P 0 

fvi'l 


= — : — - and 
r k - x 

2 


P, “ 



Process 2-3 is constant pressure; therefore, 




py L= w^T L= v 1 = y L=r 

r 3 t 2 t 2 v 2 v 2 

Process 3-1 is constant volume; therefore, 


p^ = py^r = p^ = p^ =rk 

t 3 t x t x p x p x 

The back work ratio becomes (C v =R/(k-l)) 

w 1 1 r k ~ l - 1 

w exp k - 1 r k ~ l r - 1 


(c) Apply first law to the closed system for processes 2-3 and 3-1 to show: 

<lin=C p {T 3 -T 2 ) 

Clout ~ C v (^3 — T x ) 


The cycle thermal efficiency is given by 

, q„ , C.ft-T,) x 1 Tj^-l) 

%, C p (T s -T 2 ) kT 2 (T,/T 2 - 1) 

The efficiency becomes 
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1 1 r*-l 
k r k ~ l r - 1 


(d) Determine the value of the back work ratio and efficiency as r goes to unity. 


w 1 1 r k 1 — 1 

comp A A ' 1 

w exp k-\ r k r-1 


lim 

/-— >i 

comp 

w 


exp 


w 

lim 

r— >1 

comp 



1 


1 £-1 1 

1 r — 1 


k - 1 
i 


lim 


1 


k - 1 i 

r -1 


r k 1 r-1 


r— >1 

£-1 


lim 


exp 


fc-lU-fc+ll fc-ll l 

, 1 1 r k -l 

Vth T i--i 


fc-1 I ^ r k - r k ~' 
1 \k - 1 


lim 


i 

[k- 

■i) 

, k- 

l r 

2 

kr k 

1 -i 

(* 

-i) 

1 r k ~ 2 


lim jj . =!-—< lim 


/: r r-1 

1 r* — 1 


r— >1 


J: [^i / 1 r - 1 J k [ r ^> 1 r K —r 


= 1- — {lim 


k i 

r-1 

k k - i 


= 1-— < lim 


kr 


k - 1 


k r ^ 1 kr k 1 -(/:-!) r 


£-2 


limn, =1-- 


1 f £ 


r— >1 


k \ k-k + 1 


= 1-1 * 1=0 
k 1 


These results show that if there is no compression (i.e. r = 1), there can be no expansion and no net work will be done even 
though heat may be added to the system. 
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9-185 The three processes of an air standard cycle are described. The cycle is to be shown on the P- c/and T-s diagrams, and 
the expressions for back work ratio and the thermal efficiency are to be obtained. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Analysis (a) The P- c/and T-s diagrams for this cycle are as shown. 

(b) The work of expansion is found by the first law for process 2-3: 

^ 2-3 _ ^ 2-3 — Aw 2 _ 3 

q 2 _ 3 = 0 (isentropic process ) 

w 2 _ 3 = —Au 2 _ 3 = —c v (r 3 — T 2 ) 


W exp = W 2-l= C v{ T 2~ T l) 


The compression work is found by 

l 


w = —Wo 

comp 3- 


The back work ratio is 


,=-\pdv = -P(v,-v,) = R(T,-T l ) 


w 


comp 


w 


exp 


c.ft-Tj) c, r 3 (i-r,/r,) c„ (l-yr,) 

R(t,-t 3 ) rt,(tjt,-\) r (t,/t 3 -i) 


Process 3-1 is constant pressure; therefore, 

^ _py, T y _vi _v 2 . 


r. 




T, V 3 V, 


1 

r 


Process 2-3 is isentropic; therefore, 


II 

(V,) 

k-l 

= r k ~ l and 

II 

AT 

fv.^l 

T 

1 3 

l v 3 j 


P'1 1 

IlJ 


= r 


The back work ratio becomes (C v =R/(k-l)) 

1 


w 


1- 


comp 


w 


=(i-l) 


r _ 


k-l r - 1 


k - 1 


exp 


-1 


k-l 


1 


(c) Apply first law to the closed system for processes 1-2 and 3-1 to show: 

?„ = c„( T 2 -T,) 

‘I = c ,J r >- T ,i 

The cycle thermal efficiency is given by 

q C(T 3 -T ) 7T(7;/7: — 1) 

= i - ■" = i — ^ — 4=i-k - 1 — f 

«„ C,(T,-T,) T,(T 2 IT, -1) 

Process 1-2 is constant volume; therefore, 

py. 


py± 

r. 


t 


2 A 1 
The efficiency becomes 


T P P 

1 2 _ __2_ _ _^_2_ _ y k 

T, P, R 



V 
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r — 1 

^ =1 -*7ZT 

(d) Determine the value of the back work ratio and efficiency as r goes to unity. 

1 


w 


1- 


comp 


w 

exp 

W 

vv 

lim— — 

r— >1 


=^ 7 ^i 


k-l r - 1 


r r* 1 -1 


w 


=<*-i) 

=(*-i) 


exp 


r — >1 y — y 

1 =i 


=(i-i) 


lim — — 

kr k -1 


k-l 


7,*=l-fc 


r-1 

/-I 


lim 77 . = 1 - /c < lim 


r-1 


= 1 — lim 


1 


r— » 1 ' I r^l y K — f 

Yimii th =\-k^-\ = Q 


r->i £ r 


£-1 


These results show that if there is no compression (i.e. r = 1), there can be no expansion and no net work will be done even 
though heat may be added to the system. 
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9-186 The four processes of an air-standard cycle are described. The cycle is to be shown on the P- t/and T-s diagrams; an 
expression for the cycle thermal efficiency is to be obtained; and the limit of the efficiency as the volume ratio during heat 
rejection approaches unity is to be evaluated. 

Analysis (a) The P- c/and T-s diagrams of the cycle are shown in the figures. 

(b) Apply first law to the closed system for processes 2-3 and 4-1 to show: 


Qin ~ C v (T 3 7" 2 ) 

C lou,= C p{ T A-P) 


The cycle thermal efficiency is given by 


n, h = i - 


, C„(T,-T,) i ; T,(T t /T,-l) 
C.fc-TA T 2 (T s IT,-1) 



T, _ V, 


Process 1-2 is isentropic; therefore, — = — 


Process 3-4 is isentropic; therefore, 


Process 4-1 is constant pressure; therefore, 

P * V * = P K^ T *= V *=r 


T T TV 

1 4 1 1 1 1 V 1 

^3 _ ^3 ^4 ^1 _ k- 1 1 _f r e 


T T T T 

1 2 1 \ 1 2 


- r r 


e p r k - 1 





Since process 2-3 is constant volume and V 3 = 


v.v.v.v, 




v 3 v 2 v,v 2 


= r pV 


r — r 

p p 


The efficiency becomes 


*Ith= l - k 


1 r -1 


k - 1 k 


K I 

r P - 1 


(c) In the limit as r p approaches unity, the cycle thermal efficiency becomes 


lim tJh, = l ~ k 


lim 

r P r -1 


= 1 -k 


lim 


r P -* 1 kr 


1 1 


r = ^ / , 
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9-187 The four processes of an air-standard cycle are described. The back work ratio and its limit as r p goes to unity are to 
be determined, and the result is to be compared to the expression for the Otto cycle. 

Analysis The work of compression for process 1-2 is found by the first law: 

#1-2 — ^1-2 — ^^1-2 

# 1-2 = O(isentropic process ) 

w 1 _ 2 =-Au 1 _2 = -C v (T 2 -T 1 ) 

W comp,X-2 =- W l-2= C r{ T 2- T l) 


The work of compression for process 4- 1 is found by 


w 


comp 


i 

, 4 -i = ~ w 4 -i = -J Pdv = -P{v l -v 4 ) = R(T 4 -T l ) 


The work of expansion for process 3-4 is found by the first law: 

# 3-4 ^ 3-4 ^^ 3-4 

#3_4 - Oiisentropic process ) 

W 3-4 ~ ~^ U 3-4 ~ ~C V (T 4 ~ T 3 ) 


^exp,3-4 = “ W 3-4 


= c,(t s -t 4 ) 


The back work ratio is 


R 


w 


comp 


w. 


exp 


R(T t -T t ) + C r (T,-T,) T l c} TJT ' + 

c,(T 3 -T t ) r , (1 -r 4 /r 3 ) 


Using data from the previous problem and C v = R/(k-l) 


w 


comp 


T x -i)(r p -i) + (r A 1 -l) 


W exp r 




1- 


r k-X k-l 

V 'p J 


w 

lim^w 




^ W exp r 


(fc-l)(r p-l) + (r 
lim y- — ~ 

1 


k - 1 


>) 


r p ^\ 


1- 


V 


^ , 




T 3 

i- 


r k 


w 

lim— 


Ty 


r k 1 -1 




^ >% T 3 


1- 


k - 1 


This result is the same expression for the back work ratio for the Otto cycle. 
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9-188 



The effects of compression ratio on the net work output and the thermal efficiency of the Otto cycle for given 


operating conditions is to be investigated. 

Analysis Using EES, the problem is solved as follows: 


"Input Data" 

T[1]=300 [K] 

P[1]=100 [kPa] 

T[3] = 2000 [K] 
r_comp = 1 2 

"Process 1-2 is isentropic compression" 
s[1 ]=entropy(air,T=T[1],P=P[1 ]) 
s[2]=s[1] 

T[2]=temperature(air, s=s[2], P=P[2]) 

P[2]*v[2]/T[2]=P[1 ]*v[1 ]/T[1 ] 

P[1]M1]=R*T[1] 

R=0.287 [kJ/kg-K] 

V[2] = V[1 ]/ r_comp 

"Conservation of energy for process 1 to 2" 
q_1 2 - w_1 2 = DELTAu_1 2 
q_12 =0"isentropic process" 

DELTAu_12=intenergy(air,T=T[2])-intenergy(air,T=T[1]) 

"Process 2-3 is constant volume heat addition" 
v[3]=v[2] 

s[3]=entropy(air, T=T[3], P=P[3]) 

P[3]*v[3]=R*T[3] 

"Conservation of energy for process 2 to 3" 

q_23 - w_23 = DELTAu_23 

w_23 =0"constant volume process" 

DELTAu_23=intenergy(air,T=T[3])-intenergy(air,T=T[2]) 

"Process 3-4 is isentropic expansion" 
s[4]=s[3] 

s[4]=entropy(air,T=T[4],P=P[4]) 

P[4]*v[4]=R*T[4] 

"Conservation of energy for process 3 to 4" 
q_34 -w_34 = DELTAu_34 
q_34 =0"isentropic process" 

DELTAu_34=intenergy(air,T=T[4])-intenergy(air,T=T[3]) 

"Process 4-1 is constant volume heat rejection" 

V[4] = V[1] 

"Conservation of energy for process 4 to 1" 

q_41 - w_41 = DELTAu_41 

w_41 =0 "constant volume process" 

DELTAu_41=intenergy(air,T=T[1])-intenergy(air,T=T[4]) 

q_in_total=q_23 

q_out_total = -q_41 

w_net = w_1 2+w_23+w_34+w_41 

Eta_th=w_net/q_in_total*Convert(, %) "Thermal efficiency, in percent" 
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9-189 The effects of pressure ratio on the net work output and the thermal efficiency of a simple Brayton cycle is to 

be investigated. The pressure ratios at which the net work output and the thermal efficiency are maximum are to be 
determined. 


Analysis Using EES, the problem is solved as follows: 


P_ratio = 8 
T[1] = 300 [K] 

P[1]= 100 [kPa] 

T[3] = 1 800 [K] 
m_dot = 1 [kg/s] 

Eta_c = 1 00/1 00 
Eta_t = 1 00/1 00 

"Inlet conditions" 

h[1 ]=ENTHALPY(Air,T=T[1 ]) 

s[1]=ENTROPY(Air,T=T[1],P=P[1 ]) 

"Compressor anaysis" 

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor" 

P_ratio=P[2]/P[1]"Definition of pressure ratio - to find P[2]" 

T_s[2]=TEMPERATURE(Air,s=s_s[2],P=P[2]) "T_s[2] is the isentropic value of T[2] at compressor exit" 
h_s[2]=ENTHALPY(Air,T=T_s[2]) 

Eta_c =(h_s[2]-h[1 ])/(h[2]-h[1 ]) "Compressor adiabatic efficiency; Eta_c = W_dot_c_ideal/W_dot_c_actual. " 
m_dot*h[1] +W_dot_c=m_dot*h[2] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 

"External heat exchanger analysis" 

P[3]=P[2]"process 2-3 is SSSF constant pressure" 
h[3]=ENTHALPY(Air,T=T[3]) 

m_dot*h[2] + Q_dot_in= m_dot*h[3]"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0" 

"Turbine analysis" 
s[3]=ENTROPY(Air,T=T[3],P=P[3]) 

s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine" 

P_ratio= P[3] /P[4] 

T_s[4]=TEMPERATURE(Air,s=s_s[4],P=P[4]) "Ts[4] is the isentropic value of T[4] at turbine exit" 
h_s[4]=ENTHALPY(Air,T=T_s[4]) "Eta_t = W_dot_t /Wts_dot turbine adiabatic efficiency, Wts_dot > W_dot_t" 
Eta_t= ( h [3] - h [4] )/( h [3] - h_s [4] ) 

m_dot*h[3] = W_dot_t + m_dot*h[4] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 
"Cycle analysis" 

W_dot_net=W_dot_t-W_dot_c"Definition of the net cycle work, kW" 

Eta=W_dot_net/Q_dot_in"Cycle thermal efficiency" 

Bwr=W_dot_c/W_dot_t "Back work ratio" 

"The following state points are determined only to produce a T-s plot" 

T[2]=temperature(air,h=h[2]) 

T[4]=temperature(air,h=h[4]) 

s[2]=entropy(air,T=T[2],P=P[2]) 

s[4]=entropy(air,T=T[4],P=P[4]) 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


9-168 


Bwr 

^1 

P ratio 

w c 

[kW] 

w net 

[kWl 

W, 

fkWl 

Qin 

[kW] 

0.254 

0.3383 

5 

175.8 

516.3 

692.1 

1526 

0.2665 

0.3689 

6 

201.2 

553.7 

754.9 

1501 

0.2776 

0.3938 

7 

223.7 

582.2 

805.9 

1478 

0.2876 

0.4146 

8 

244.1 

604.5 

848.5 

1458 

0.2968 

0.4324 

9 

262.6 

622.4 

885 

1439 

0.3052 

0.4478 

10 

279.7 

637 

916.7 

1422 

0.313 

0.4615 

11 

295.7 

649 

944.7 

1406 

0.3203 

0.4736 

12 

310.6 

659.1 

969.6 

1392 

0.3272 

0.4846 

13 

324.6 

667.5 

992.1 

1378 

0.3337 

0.4945 

14 

337.8 

674.7 

1013 

1364 

0.3398 

0.5036 

15 

350.4 

680.8 

1031 

1352 

0.3457 

0.512 

16 

362.4 

685.9 

1048 

1340 

0.3513 

0.5197 

17 

373.9 

690.3 

1064 

1328 

0.3567 

0.5269 

18 

384.8 

694.1 

1079 

1317 

0.3618 

0.5336 

19 

395.4 

697.3 

1093 

1307 

0.3668 

0.5399 

20 

405.5 

700 

1106 

1297 

0.3716 

0.5458 

21 

415.3 

702.3 

1118 

1287 

0.3762 

0.5513 

22 

424.7 

704.3 

1129 

1277 

0.3806 

0.5566 

23 

433.8 

705.9 

1140 

1268 

0.385 

0.5615 

24 

442.7 

707.2 

1150 

1259 

0.3892 

0.5663 

25 

451.2 

708.3 

1160 

1251 

0.3932 

0.5707 

26 

459.6 

709.2 

1169 

1243 

0.3972 

0.575 

27 

467.7 

709.8 

1177 

1234 

0.401 

0.5791 

28 

475.5 

710.3 

1186 

1227 

0.4048 

0.583 

29 

483.2 

710.6 

1194 

1219 

0.4084 

0.5867 

30 

490.7 

710.7 

1201 

1211 

0.412 

0.5903 

31 

498 

710.8 

1209 

1204 

0.4155 

0.5937 

32 

505.1 

710.7 

1216 

1197 

0.4189 

0.597 

33 

512.1 

710.4 

1223 

1190 

0.4222 

0.6002 

34 

518.9 

710.1 

1229 

1183 
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9-190 m ^ d The effects of pressure ratio on the net work output and the thermal efficiency of a simple Brayton cycle 
is to be investigated assuming adiabatic efficiencies of 85 percent for both the turbine and the compressor. The 
pressure ratios at which the net work output and the thermal efficiency are maximum are to be determined. 

Analysis Using EES, the problem is solved as follows: 


P_ratio = 8 
T[1] = 300 [K] 

P[1]= 100 [kPa] 

T[3] = 1 800 [K] 
m_dot = 1 [kg/s] 

Eta_c = 80/1 00 
Eta_t = 80/1 00 

"Inlet conditions" 

h[1 ]=ENTHALPY(Air,T=T[1 ]) 

s[1 ]=ENTROPY(Air,T=T[1 ],P=P[1 ]) 

"Compressor anaysis" 

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor" 

P_ratio=P[2]/P[1 ['Definition of pressure ratio - to find P[2]" 

T_s[2]=TEMPERATURE(Air,s=s_s[2],P=P[2]) "T_s[2] is the isentropic value of T[2] at compressor exit" 
h_s[2]=ENTHALPY(Air,T=T_s[2]) 

Eta_c =(h_s[2]-h[1 ])/(h[2]-h[1 ]) "Compressor adiabatic efficiency; Eta_c = W_dot_c_ideal/W_dot_c_actual. " 
m_dot*h[1] +W_dot_c=m_dot*h[2] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 
"External heat exchanger analysis" 

P[3]=P[2]"process 2-3 is SSSF constant pressure" 
h[3]=ENTHALPY(Air,T=T[3]) 

m_dot*h[2] + Q_dot_in= m_dot*h[3]"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0" 

"Turbine analysis" 
s[3]=ENTROPY(Air,T=T[3],P=P[3]) 

s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine" 

P_ratio= P[3] /P[4] 

T_s[4]=TEMPERATURE(Air,s=s_s[4],P=P[4]) "Ts[4] is the isentropic value of T[4] at turbine exit" 
h_s[4]=ENTHALPY(Air,T=T_s[4]) "Eta_t = W_dot_t /Wts_dot turbine adiabatic efficiency, Wts_dot > W_dot_t" 
Eta _t = ( h [3]- h [4] )/( h [3] - h_s [4] ) 

m_dot*h[3] = W_dot_t + m_dot*h[4] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 
"Cycle analysis" 

W_dot_net=W_dot_t-W_dot_c"Definition of the net cycle work, kW" 

Eta=W_dot_net/Q_dot_in"Cycle thermal efficiency" 

Bwr=W_dot_c/W_dot_t "Back work ratio" 

"The following state points are determined only to produce a T-s plot" 

T[2]=temperature(air,h=h[2]) 

T[4]=temperature(air,h=h[4]) 

s[2]=entropy(air,T=T[2],P=P[2]) 

s[4]=entropy(air,T=T[4],P=P[4]) 
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Bwr 

*n 

* ratio 
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641.7 

1465 
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450.1 

779.2 

1373 
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860.6 

1305 
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1276 
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17 
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18 
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0.3865 
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9-191 m The effects of pressure ratio, maximum cycle temperature, and compressor and turbine inefficiencies on the 
net work output per unit mass and the thermal efficiency of a simple Brayton cycle with air as the working fluid is to be 
investigated. Constant specific heats at room temperature are to be used. 

Analysis Using EES, the problem is solved as follows: 


Procedure ConstPropResult(T[1],P[1],r_comp,T[3]:Eta_th_ConstProp,Eta_th_easy) 
"For Air:" 

C_V = 0.718 [kJ/kg-K] 
k= 1.4 

T2 = T[1]*r_comp A (k-1) 

P2 = P[1]*r_comp A k 
q_in_23 = C_V*(T[3]-T2) 

T4 = T[3]*(1/r_comp) A (k-1) 
q_out_41 = C_V*(T4-T[1 ]) 

Eta_th_ConstProp = (1-q_out_41/q_in_23)*Convert(, %) "[%]" 

"The Easy Way to calculate the constant property Otto cycle efficiency is:" 
Eta_th_easy = (1 - 1/r_comp A (k-1))*Convert(, %) "[%]" 

END 

"Input Data" 

T[1]=300 [K] 

P[1 3=100 [kPa] 

{T[3] = 1000 [K]} 
r_comp = 1 2 

"Process 1-2 is isentropic compression" 
s[1 ]=entropy(air,T=T[1 j,P=P[1 ]) 
s[2]=s[1] 

T[2]=temperature(air, s=s[2], P=P[2]) 

P[2]*v[2]/T[2]=P[1 ]*v[1 ]/T[1 ] 

P[1]* V [1]-R*T[1] 

R=0.287 [kJ/kg-K] 

V[2] = V[1 ]/ r_comp 

"Conservation of energy for process 1 to 2" 
q_1 2 - w_1 2 = DELTAu_1 2 
q_12 =0"isentropic process" 

DELTAu_12=intenergy(air,T=T[2])-intenergy(air,T=T[1]) 

"Process 2-3 is constant volume heat addition" 
v[3]=v[2] 

s[3]=entropy(air, T=T[3], P=P[3]) 

P[3]*v[3]=R*T[3] 

"Conservation of energy for process 2 to 3" 

q_23 - w_23 = DELTAu_23 

w_23 =0"constant volume process" 

DELTAu_23=intenergy(air,T=T[3])-intenergy(air,T=T[2]) 

"Process 3-4 is isentropic expansion" 
s[4]=s[3] 

s[4]=entropy(air,T=T[4],P=P[4]) 

P[4]*v[4]=R*T[4] 

"Conservation of energy for process 3 to 4" 
q_34 -w_34 = DELTAu_34 
q_34 =0"isentropic process" 

DELTAu_34=intenergy(air,T=T[4])-intenergy(air,T=T[3]) 

"Process 4-1 is constant volume heat rejection" 

V[4] = V[1] 

"Conservation of energy for process 4 to 1" 
q_41 - w_41 = DELTAu_41 
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w_41 =0 "constant volume process" 

DELTAu_41=intenergy(air,T=T[1])-intenergy(air,T=T[4]) 

q_in_total=q_23 

q_out_total = -q_41 

w_net = w_1 2+w_23+w_34+w_41 

Eta_th=w_net/q_in_total*Convert(, %) "Thermal efficiency, in percent" 

Call ConstPropResult(T[1],P[1],r_comp,T[3]:Eta_th_ConstProp,Eta_th_easy) 
PerCentError = ABS(Eta_th - Eta_th_ConstProp)/Eta_th*Convert(, %) "[%]" 


PerCentError 

[%] 
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[%] 
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62.99 

1500 
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12 
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62.99 

62.99 

2000 

11.64 
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56.42 

62.99 

62.99 

2500 


Percent Error = In - -n .. | / n .. 

1 1 th 1 th,ConstProp 1 1 th 
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9-192 The effects of pressure ratio, maximum cycle temperature, and compressor and turbine efficiencies on 

the net work output per unit mass and the thermal efficiency of a simple Brayton cycle with air as the working fluid is 
to be investigated. Variable specific heats are to be used. 

Analysis Using EES, the problem is solved as follows: 


"Input data - from diagram window" 

{P_ratio = 8} 

{T[1 ] = 300 [K] 

P[1]= 100 [kPa] 

T[3] = 800 [K] 
m_dot = 1 [kg/s] 

Eta_c = 75/1 00 
Eta_t = 82/1 00} 

"Inlet conditions" 

h[1 ]=ENTHALPY(Air,T=T[1 ]) 

s[1 ]=ENTROPY(Air,T=T[1 ],P=P[1 ]) 

"Compressor anaysis" 

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor" 

P_ratio=P[2]/P[1 ['Definition of pressure ratio - to find P[2]" 

T_s[2]=TEMPERATURE(Air,s=s_s[2],P=P[2]) "T_s[2] is the isentropic value of T[2] at compressor exit" 
h_s[2]=ENTHALPY(Air,T=T_s[2]) 

Eta_c =(h_s[2]-h[1 ])/(h[2]-h[1 ]) "Compressor adiabatic efficiency; Eta_c = W_dot_c_ideal/W_dot_c_actual. " 
m_dot*h[1] +W_dot_c=m_dot*h[2] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 
"External heat exchanger analysis" 

P[3]=P[2]"process 2-3 is SSSF constant pressure" 
h[3]=ENTHALPY(Air,T=T[3]) 

m_dot*h[2] + Q_dot_in= m_dot*h[3]"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0" 

"Turbine analysis" 
s[3]=ENTROPY(Air,T=T[3],P=P[3]) 

s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine" 

P_ratio= P[3] /P[4] 

T_s[4]=TEMPERATURE(Air,s=s_s[4],P=P[4]) "Ts[4] is the isentropic value of T[4] at turbine exit" 
h_s[4]=ENTHALPY(Air,T=T_s[4]) "Eta_t = W_dot_t /Wts_dot turbine adiabatic efficiency, Wts_dot > W_dot_t" 
Eta_t= ( h [3] - h [4] )/( h [3] - h_s [4] ) 

m_dot*h[3] = W_dot_t + m_dot*h[4] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 
"Cycle analysis" 

W_dot_net=W_dot_t-W_dot_c"Definition of the net cycle work, kW" 

Eta=W_dot_net/Q_dot_in"Cycle thermal efficiency" 

Bwr=W_dot_c/W_dot_t "Back work ratio" 

"The following state points are determined only to produce a T-s plot" 

T[2]=temperature('air',h=h[2]) 

T[4]=temperature('air',h=h[4]) 

s[2]=entropy(air,T=T[2],P=P[2]) 

s[4]=entropy(air,T=T[4],P=P[4]) 
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9-193 The effects of pressure ratio, maximum cycle temperature, and compressor and turbine efficiencies on 

the net work output per unit mass and the thermal efficiency of a simple Brayton cycle with helium as the working 
fluid is to be investigated. 

Analysis Using EES, the problem is solved as follows: 


Function hFunc(WorkFluid$,T,P) 

"The EES functions teat helium as a real gas; thus, T and P are needed for helium's enthalpy." 

IF WorkFluid$ = 'Air' then hFunc:=enthalpy(Air,T=T) ELSE 
hFunc: = enthalpy(Helium,T=T,P=P) 

endif 

END 

Procedure EtaCheck(Eta_th:EtaError$) 

If Eta_th < 0 then EtaError$ = 'Why are the net work done and efficiency < 0?' Else EtaError$ = " 

END 

"Input data - from diagram window" 

{P_ratio = 8} 

{T[1 ] = 300 [K] 

P[1]= 100 [kPa] 

T[3] = 800 [K] 
m_dot = 1 [kg/s] 

Eta_c = 0.8 
Eta_t = 0.8 

WorkFluid$ = 'Helium'} 

"Inlet conditions" 

h[1 ]=hFunc(WorkFluid$,T[1 ],P[1 ]) 

s[1 ]=ENTROPY(WorkFluid$,T=T[1 ],P=P[1 ]) 

"Compressor anaysis" 

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor" 

P_ratio=P[2]/P[1 ['Definition of pressure ratio - to find P[2]" 

T_s[2]=TEMPERATURE(WorkFluid$,s=s_s[2],P=P[2]) "T_s[2] is the isentropic value of T[2] at compressor exit" 
h_s[2]=hFunc(WorkFluid$,T_s[2],P[2]) 

Eta_c =(h_s[2]-h[1 ])/(h[2]-h[1 ]) "Compressor adiabatic efficiency; Eta_c = W_dot_c_ideal/W_dot_c_actual. " 
m_dot*h[1] +W_dot_c=m_dot*h[2] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 
"External heat exchanger analysis" 

P[3]=P[2]"process 2-3 is SSSF constant pressure" 
h[3]=hFunc(WorkFluid$,T[3],P[3]) 

m_dot*h[2] + Q_dot_in= m_dot*h[3]"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0" 

"Turbine analysis" 

s[3]=ENTROPY(WorkFluid$,T=T[3],P=P[3]) 

s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine" 

P_ratio= P[3] /P[4] 

T_s[4]=TEMPERATURE(WorkFluid$,s=s_s[4],P=P[4]) "Ts[4] is the isentropic value of T[4] at turbine exit" 
h_s[4]=hFunc(WorkFluid$,T_s[4],P[4]) "Eta_t = W_dot_t /Wts_dot turbine adiabatic efficiency, Wts_dot > 
W_dot_t" 

Eta_t= ( h [3] - h [4] )/( h [3] - h_s [4] ) 

m_dot*h[3] = W_dot_t + m_dot*h[4] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 
"Cycle analysis" 

W_dot_net=W_dot_t-W_dot_c"Definition of the net cycle work, kW" 

Eta_th=W_dot_net/Q_dot_in"Cycle thermal efficiency" 

Call EtaCheck(Eta_th:EtaError$) 

Bwr=W_dot_c/W_dot_t "Back work ratio" 

"The following state points are determined only to produce a T-s plot" 

T[2]=temperature(air,h=h[2]) 

T[4]=temperature(air,h=h[4]) 

s[2]=entropy(air,T=T[2],P=P[2]) 

s[4]=entropy(air,T=T[4],P=P[4]) 
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9-194 The effect of the number of compression and expansion stages on the thermal efficiency of an ideal 

regenerative Brayton cycle with multistage compression and expansion and air as the working fluid is to be 
investigated. 

Analysis Using EES, the problem is solved as follows: 


"Input data for air" 

C_P = 1 .005 [kJ/kg-K] 
k= 1.4 

"Nstages is the number of compression and expansion stages" 
Nstages = 1 
T_6 = 1 200 [K] 

Pratio = 12 
T_1 = 300 [K] 

P_1= 100 [kPa] 

Eta_reg = 1 .0 "regenerator effectiveness" 

Eta_c =1 .0 "Compressor isentorpic efficiency" 

Eta_t =1 .0 "Turbine isentropic efficiency" 

R_p = Pratio A (1 /Nstages) 

"Isentropic Compressor anaysis" 

T_2s = T_1*FLp A ((k-1)/k) 

P_2 = R_p*P_1 

"T_2s is the isentropic value of T_2 at compressor exit" 

Eta_c = w_compisen/w_comp 

"compressor adiabatic efficiency, W_comp > W_compisen" 

"Conservation of energy for the compressor for the isentropic case: 
ejn - e_out = DELTAe=0 for steady-flow" 
w_compisen = C_P*(T_2s-T_1 ) 

"Actual compressor analysis:" 
w_comp = C_P*(T_2 - T_1 ) 


"Since intercooling is assumed to occur such that T_3 = T_1 and the compressors have the same pressure 
ratio, the work input to each compressor is the same. The total compressor work is:" 
w_comp_total = Nstages*w_comp 
"External heat exchanger analysis" 

"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0 
ejn - e_out =DELTAe_cv =0 for steady flow" 

"The heat added in the external heat exchanger + the reheat between turbines is" 
q_in_total = C_P*(T_6 - T_5) +(Nstages - 1)*C_P*(T_8 - T_7) 

"Reheat is assumed to occur until:" 

T_8 = T_6 
"Turbine analysis" 

P_7 = P_6 /R__p 

"T_7s is the isentropic value of T_7 at turbine exit" 

T_7s = T_6*(1/R_p) A ((k-1)/k) 

"Turbine adiabatic efficiency, w_turbisen > w_turb" 

Eta_t = w_turb /w_turbisen 

"SSSF First Law for the isentropic turbine, assuming: adiabatic, ke=pe=0 
ejn -e_out = DELTAe_cv = 0 for steady-flow" 
wjurbisen = C_P*(T_6 - T_7s) 

"Actual Turbine analysis:" 
wjurb = C_P*(T_6 - T_7) 
wjurbjotal = Nstages*w_turb 

"Cycle analysis" 

w_net=w_turbJotal-w_compJotal "[kJ/kg]" 

Bwr=w_comp/w_turb "Back work ratio" 
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P_4=P_2 
P_5=P_4 
P_6=P_5 
T_4 = T_2 

"The regenerator effectiveness gives T_5 as:" 

Eta_reg = (T_5 - T_4)/(T_9 - T_4) 

T_9 = T_7 

"Energy balance on regenerator gives T_10 as:" 

T_4 + T_9=T_5 +T_10 

"Cycle thermal efficiency with regenerator" 

Eta_th_regenerative=w_net/q_in_total*Convert(, %) "[%]" 

"The efficiency of the Ericsson cycle is the same as the Carnot cycle operating between the same max and min 
temperatures, T_6 and T_1 for this problem." 

Eta_th_Ericsson = (1 - T_i/T_6)*Convert(, %) "[%]" 
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9-195 The effect of the number of compression and expansion stages on the thermal efficiency of an ideal 

regenerative Brayton cycle with multistage compression and expansion and helium as the working fluid is to be 
investigated. 

Analysis Using EES, the problem is solved as follows: 


"Input data for Helium" 

C_P = 5.1926 [kJ/kg-K] 
k= 1.667 

"Nstages is the number of compression and expansion stages" 

{Nstages = 1} 

T_6 = 1 200 [K] 

Pratio = 12 
T_1 = 300 [K] 

P_1= 100 [kPa] 

Eta_reg = 1 .0 "regenerator effectiveness" 

Eta_c =1 .0 "Compressor isentorpic efficiency" 

Eta_t =1 .0 "Turbine isentropic efficiency" 

R_p = Pratio A (1 /Nstages) 

"Isentropic Compressor anaysis" 

T_2s = T_1*R_p A ((k-1)/k) 

P_2 = Rp*P_1 

"T_2s is the isentropic value of T_2 at compressor exit" 

Eta_c = w_compisen/w_comp 

"compressor adiabatic efficiency, W_comp > W_compisen" 

"Conservation of energy for the compressor for the isentropic case: 
ejn - e_out = DELTAe=0 for steady-flow" 
w_compisen = C_P*(T_2s-T_1 ) 

"Actual compressor analysis:" 
w_comp = C_P*(T_2 - T_1 ) 

"Since intercooling is assumed to occur such that T_3 = T_1 and the compressors have the same pressure 
ratio, the work input to each compressor is the same. The total compressor work is:" 
w_comp_total = Nstages*w_comp 
"External heat exchanger analysis" 

"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0 
ejn - e_out =DELTAe_cv =0 for steady flow" 

"The heat added in the external heat exchanger + the reheat between turbines is" 
q_in_total = C_P*(T_6 - T_5) +(Nstages - 1)*C_P*(T_8 - T_7) 

"Reheat is assumed to occur until:" 

T_8 = T_6 
"Turbine analysis" 

P_7 = P_6 /R p 

"T_7s is the isentropic value of T_7 at turbine exit" 

T_7s = T_6*(1/R_p) A ((k-1)/k) 

"Turbine adiabatic efficiency, w_turbisen > w_turb" 

Eta_t = w_turb /w_turbisen 

"SSSF First Law for the isentropic turbine, assuming: adiabatic, ke=pe=0 
ejn -e_out = DELTAe_cv = 0 for steady-flow" 
wjurbisen = C_P*(T_6 - T_7s) 

"Actual Turbine analysis:" 
wjurb = C_P*(T_6 - T_7) 
wjurbjotal = Nstages*w_turb 

"Cycle analysis" 

w_net=w_turb_total-w_comp_total 
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Bwr=w_comp/w_turb "Back work ratio" 

P_4=P_2 
P_5=P_4 
P_6=P_5 
T_4 = T_2 

"The regenerator effectiveness gives T_5 as:" 

Eta_reg = (T_5 - T_4)/(T_9 - T_4) 

T_9 = T_7 

"Energy balance on regenerator gives T_10 as:" 

T_4 + T_9=T_5 + T_10 

"Cycle thermal efficiency with regenerator" 

Eta_th_regenerative=w_net/q_in_total*Convert(, %) "[%]" 

"The efficiency of the Ericsson cycle is the same as the Carnot cycle operating between the same max and min 
temperatures, T_6 and T_1 for this problem." 

Eta_th_Ericsson = (1 - T_i/T_6)*Convert(, %) "[%]" 


L|th,Ericksson 

r%i 

11th, Regenerative 

[%1 

Nstages 

75 

32.43 

1 

75 

58.9 

2 

75 

65.18 

3 

75 

67.95 

4 

75 

71.18 

7 

75 

73.29 

15 

75 

73.66 

19 

75 

73.84 

22 



Nstages 
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Fundamentals of Engineering (FE) Exam Problems 

9-196 An Otto cycle with air as the working fluid has a compression ratio of 10.4. Under cold air standard conditions, the 
thermal efficiency of this cycle is 

(a) 10% (b) 39% (c) 61% (d) 79% (e) 82% 

Answer (c)61% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


r=1 0.4 
k=1 .4 

Eta_Otto=1-1/r A (k-1) 

"Some Wrong Solutions with Common Mistakes:" 
W1_Eta = 1/r "Taking efficiency to be 1/r" 

W2_Eta = 1/r A (k-1) "Using incorrect relation" 

W3_Eta = 1 -1/r A (k1 -1); k1 = 1 .667 "Using wrong k value" 


9-197 For specified limits for the maximum and minimum temperatures, the ideal cycle with the lowest thermal efficiency 
is 

(a) Carnot (b) Stirling (c) Ericsson (d) Otto (e) All are the same 

Answer (d) Otto 


9-198 A Carnot cycle operates between the temperatures limits of 300 K and 2000 K, and produces 600 kW of net power. 
The rate of entropy change of the working fluid during the heat addition process is 

(a) 0 (b) 0.300 kW/K (c) 0.353 kW/K (d) 0.261 kW/K (e) 2.0 kW/K 

Answer (c) 0.353 kW/K 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


TL=300 "K" 

TH=2000 "K" 

Wnet=600 "kJ/s" 

Wnet= (TH-TL)*DS 

"Some Wrong Solutions with Common Mistakes:" 

W1_DS = Wnet/TH "Using TH instead of TH-TL" 

W2_DS = Wnet/TL "Using TL instead of TH-TL" 

W3_DS = Wnet/(TH+TL) "Using TH+TL instead of TH-TL" 
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9-199 Air in an ideal Diesel cycle is compressed from 2 L to 0. 13 L, and then it expands during the constant pressure heat 
addition process to 0.30 L. Under cold air standard conditions, the thermal efficiency of this cycle is 

(a) 41% (b) 59% (c) 66% (d) 70% (e) 78% 

Answer (b) 59% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


VI =2 "L" 

V2= 0.13 "L" 

V3= 0.30 "L" 
r=V1/V2 
rc=V3/V2 
k=1 .4 

Eta_Diesel=1 -(1/r A (k-1 ))*(rc A k-1 )/k/(rc-1 ) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Eta = 1-(1/r1 A (k-1))*(rc A k-1)/k/(rc-1); r1=V1/V3 "Wrong r value" 

W2_Eta = 1-Eta_Diesel "Using incorrect relation" 

W3_Eta = 1 -(1/r A (k1 -1 ))*(rc A k1 -1 )/k1/(rc-1 ); kl =1 .667 "Using wrong k value" 
W4_Eta = 1-1/r A (k-1) "Using Otto cycle efficiency" 


9-200 Helium gas in an ideal Otto cycle is compressed from 20°C and 2.5 L to 0.25 L, and its temperature increases by an 
additional 700°C during the heat addition process. The temperature of helium before the expansion process is 

(a) 1790°C (b) 2060°C (c) 1240°C (d) 620°C (e) 820°C 

Answer (a) 1790°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1 .667 
V1=2.5 
V2=0.25 
r=V1/V2 
T1 =20+273 "K" 

T2=T1*r A (k-1) 

T3=T2+700-273 "C" 

"Some Wrong Solutions with Common Mistakes:" 

W1T3 =T22+700-273; T22=T1*r A (k1 -1); k1=1 .4 "Using wrong k value" 
W2_T3 = T3+273 "Using K instead of C" 

W3_T3 = T1 +700-273 "Disregarding temp rise during compression" 

W4_T3 = T222+700-273; T222=(T1 -273)*r A (k-1 ) "Using C for T1 instead of K" 
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Q 

9-201 In an ideal Otto cycle, air is compressed from 1 .20 kg/m and 2.2 L to 0.26 L, and the net work output of the cycle is 
440 kJ/kg. The mean effective pressure (MEP) for this cycle is 

(a) 612 kP a (b) 599 kPa (c) 528 kPa (d)416kPa (e) 367 kPa 

Answer (b) 599 kPa 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


rho1=1.20 "kg/m A 3" 
k=1 .4 
V1=2.2 
V2=0.26 

m=rho1*V1/1000 "kg" 
w_net=440 "kJ/kg" 

Wtotal=m*w_net 
MEP=Wtotal/((V1 -V2)/1 000) 

"Some Wrong Solutions with Common Mistakes:" 

W1MEP = w_net/((V1-V2)/1 000) "Disregarding mass" 

W2 MEP = Wtotal/(V1/1000) "Using VI instead of VI -V2” 

W3 MEP = (rhol *V2/1 000)*w_net/((V1 -V2)/1 000); "Finding mass using V2 instead of VI" 
W4_MEP = Wtotal/((V1+V2)/1000) "Adding VI and V2 instead of subtracting" 


9-202 In an ideal Brayton cycle, air is compressed from 95 kPa and 25°C to 1 100 kPa. Under cold air standard conditions, 
the thermal efficiency of this cycle is 

(a) 45% (b) 50% (c) 62% (d) 73% (e) 86% 

Answer (b) 50% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PI =95 "kPa" 

P2=1 1 00 "kPa" 

T1 =25+273 "K" 
rp=P2/P1 
k=1 .4 

Eta_Brayton=1 -1 /rp A ((k-1 )/k) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Eta = 1/rp "Taking efficiency to be 1/rp" 

W2_Eta = 1/rp A ((k-1)/k) "Using incorrect relation" 

W3_Eta = 1-1/rp A ((k1-1)/k1); k1=1 .667 "Using wrong k value" 
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9-203 Consider an ideal Brayton cycle executed between the pressure limits of 1200 kPa and 100 kPa and temperature 
limits of 20°C and 1000°C with argon as the working fluid. The net work output of the cycle is 

(a) 68 kJ/kg (b) 93 kJ/kg (c) 158 kJ/kg (d) 186 kJ/kg (e) 3 10 kJ/kg 

Answer (c) 158 kJ/kg 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PI =100 "kPa" 

P2=1200 "kPa" 

T1 =20+273 "K" 

T3=1 000+273 "K" 

rp=P2/P1 

k=1 .667 

Cp=0.5203 "kJ/kg. K" 

Cv=0.3122 "kJ/kg. K" 

T2=T1*rp A ((k-1)/k) 

q_in=Cp*(T3-T2) 

Eta_Brayton=1 -1 /rp A ((k-1 )/k) 
w_n et= Eta_B rayto n *q_i n 

"Some Wrong Solutions with Common Mistakes:" 

W1_wnet = (1-1/rp A ((k-1)/k))*qin1 ; qin1=Cv*(T3-T2) "Using Cv instead of Cp" 

W2_wnet = (1-1/rp A ((k-1)/k))*qin2; qin2=1 .005*(T3-T2) "Using Cp of air instead of argon" 

W3_wnet = (1-1/rp A ((k1-1)/k1))*Cp*(T3-T22); T22=T1*rp A ((k1-1)/k1); kl =1 .4 "Using k of air instead of argon" 
W4_wnet = (1-1/rp A ((k-1)/k))*Cp*(T3-T222); T222=(T1-273)*rp A ((k-1 )/k) "Using C for T1 instead of K" 


9-204 An ideal Brayton cycle has a net work output of 150 kJ/kg and a hackwork ratio of 0.4. If both the turbine and the 
compressor had an isentropic efficiency of 85%, the net work output of the cycle would be 

(a) 74 kJ/kg (b) 95 kJ/kg (c) 109 kJ/kg (d) 128 kJ/kg (e) 177 kJ/kg 

Answer (b) 95 kJ/kg 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


wcomp/wturb=0.4 
wturb-wcomp=150 "kJ/kg" 

Eff=0.85 

w_net=Eff*wturb-wcomp/Eff 

"Some Wrong Solutions with Common Mistakes:" 

W1_wnet = Eff*wturb-wcomp*Eff "Making a mistake in Wnet relation" 
W2_wnet = (wturb-wcomp)/Eff "Using a wrong relation" 

W3_wnet = wturb/eff-wcomp*Eff "Using a wrong relation" 
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9-205 In an ideal Brayton cycle, air is compressed from 100 kPa and 25°C to 1 MPa, and then heated to 927°C before 
entering the turbine. Under cold air standard conditions, the air temperature at the turbine exit is 


9-185 


(a) 349°C (b) 426°C (c) 622°C (d) 733°C (e) 825°C 

Answer (a) 349°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PI =100 "kPa" 

P2=1000 "kPa" 

T1 =25+273 "K" 

T3=900+273 "K" 
rp=P2/P1 
k=1 .4 

T4=T3*(1/rp) A ((k-1)/k)-273 

"Some Wrong Solutions with Common Mistakes:" 

W1_T4 = T3/rp "Using wrong relation" 

W2_T4 = (T3-273)/rp 'Using wrong relation" 

W3 T4 = T4+273 "Using K instead of C" 

W4_T4 = T1 +800-273 "Disregarding temp rise during compression" 


9-206 In an ideal Brayton cycle with regeneration, argon gas is compressed from 100 kPa and 25°C to 400 kPa, and then 
heated to 1200°C before entering the turbine. The highest temperature that argon can be heated in the regenerator is 

(a) 246°C (b) 846°C (c) 689°C (d) 368°C (e) 573°C 

Answer (e) 573°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1 .667 

Cp=0.5203 "kJ/kg.K" 

PI =100 "kPa" 

P2=400 "kPa" 

T1 =25+273 "K" 

T3=1 200+273 "K" 

"The highest temperature that argon can be heated in the regenerator is the turbine exit temperature," 
rp=P2/P1 

T2=T1*rp A ((k-1)/k) 

T4=T3/rp A ((k-1 )/k)-273 

"Some Wrong Solutions with Common Mistakes:" 

W1_T4 = T3/rp "Using wrong relation" 

W2_T4 = (T3-273)/rp A ((k-1 )/k) "Using C instead of K for T3" 

W3 T4 = T4+273 "Using K instead of C" 

W4_T4 = T2-273 "Taking compressor exit temp as the answer" 
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9-207 In an ideal Brayton cycle with regeneration, air is compressed from 80 kPa and 10°C to 400 kPa and 175°C, is heated 
to 450°C in the regenerator, and then further heated to 1000°C before entering the turbine. Under cold air standard 
conditions, the effectiveness of the regenerator is 

(a) 33% (b) 44% (c) 62% (d) 77% (e) 89% 

Answer (d) 77% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1 .4 

Cp=1 .005 "kJ/kg.K" 

PI =80 "kPa" 

P2=400 "kPa" 

T1 =10+273 "K" 

T2=1 75+273 "K" 

T3=1 000+273 "K" 

T5=450+273 "K" 

"The highest temperature that the gas can be heated in the regenerator is the turbine exit temperature," 
rp=P2/P1 

T2check=T1*rp A ((k-1)/k) "Checking the given value of T2. It checks." 

T4=T3/rp A ((k-1)/k) 

Effective=(T5-T2)/(T4-T2) 

"Some Wrong Solutions with Common Mistakes:" 

W1_eff = (T5-T2)/(T3-T2) "Using wrong relation" 

W2_eff = (T5-T2)/(T44-T2); T44=(T3-273)/rp A ((k-1)/k) "Using C instead of K for T3" 

W3_eff = (T5-T2)/(T444-T2); T444=T3/rp Using wrong relation for T4" 


9-208 Consider a gas turbine that has a pressure ratio of 6 and operates on the Brayton cycle with regeneration between the 
temperature limits of 20°C and 900°C. If the specific heat ratio of the working fluid is 1.3, the highest thermal efficiency 
this gas turbine can have is 

(a) 38% (b) 46% (c) 62% (d) 58% (e) 97% 

Answer (c) 62% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1 .3 
rp=6 

T1 =20+273 "K" 

T3=900+273 "K" 

Eta_regen=1 -(T1 /T3)*rp A ((k-1 )/k) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Eta = 1 -((T 1 -273)/(T3-273))*rp A ((k-1 )/k) "Using C for temperatures instead of K" 
W2_Eta = (T1/T3)*rp A ((k-1)/k) "Using incorrect relation" 

W3_Eta = 1 -(T1/T3)*rp A ((k1 -1 )/k1 ); kl =1 .4 "Using wrong k value (the one for air)" 
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9-209 An ideal gas turbine cycle with many stages of compression and expansion and a regenerator of 100 percent 
effectiveness has an overall pressure ratio of 10. Air enters every stage of compressor at 290 K, and every stage of turbine 
at 1200 K. The thermal efficiency of this gas-turbine cycle is 

(a) 36% (b) 40% (c) 52% (d) 64% (e) 76% 

Answer (e) 76% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1 .4 
rp=10 

T1=290 "K" 

T3=1200 "K" 

Eff=1 -T1/T3 

"Some Wrong Solutions with Common Mistakes:" 
W1_Eta = 100 

W2_Eta = 1-1/rp A ((k-1)/k) "Using incorrect relation" 
W3_Eta = 1 -(T1/T3)*rp A ((k-1 )/k) "Using wrong relation" 
W4_Eta = T1/T3 "Using wrong relation" 


9-210 Air enters a turbojet engine at 320 m/s at a rate of 30 kg/s, and exits at 650 m/s relative to the aircraft. The thrust 
developed by the engine is 

(a) 5 kN (b)10kN (c) 15 kN (d)20kN (e)26kN 

Answer (b) lOkN 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Veil =320 "m/s" 

Vel2=650 "m/s" 

Thrust=m*(Vel2-Vel1)/1 000 "kN" 
m= 30 "kg/s" 

"Some Wrong Solutions with Common Mistakes:" 

W1_thrust = (Vel2-Vel1 )/1 000 "Disregarding mass flow rate" 
W2_thrust = m*Vel2/1000 "Using incorrect relation" 


9-211 ■■■ 9-219 Design and Essay Problems. 
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Carnot Vapor Cycle 


10-2 


10-1C The Carnot cycle is not a realistic model for steam power plants because (1) limiting the heat transfer processes to 
two-phase systems to maintain isothermal conditions severely limits the maximum temperature that can be used in the 
cycle, (2) the turbine will have to handle steam with a high moisture content which causes erosion, and (3) it is not practical 
to design a compressor that will handle two phases. 


10-2E A steady-flow Camot engine with water as the working fluid operates at specified conditions. The thermal efficiency, 
the quality at the end of the heat rejection process, and the net work output are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis ( a ) We note that 


~ ^sat@250 psia - 40 1 °F - 86 1 R 

T L =T sat@40vsia =2612°F = 727.2 R 

T 111 ? R 

77 th c =1 — — 1 — — — = 0.1553 = 15.5% 

T h 861 R 


( b ) Noting that 54 = s\ = S/@ 2 5 o P sia = 0.56784 Btu/lbm- R, 


s 4 - s f 

X 4 = 

s fg 


0.56784-0.3921 

1.2845 


0.137 



(c) The enthalpies before and after the heat addition process are 


h \ ~ h f @250 psia =376.09 Btu/lbm 

h 2 =h f +x 2 h fg =376.09 + (0.95X825.47) = 1160.3 Btu/lbm 

Thus, 

q. m =h 2 -h l = 1 160.3 - 376.09 = 784.2 Btu/lbm 
and 

w ne t =?7 th g in =(0.1553X784.2 Btu/lbm) = 122 Btu/lbm 
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10-3 A steady-flow Carnot engine with water as the working fluid operates at specified conditions. The thermal efficiency, 
the amount of heat rejected, and the net work output are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) Noting that T H = 250°C = 523 K and T L = jT sat @ 2 okPa = 60.06°C = 333.1 K, the thermal efficiency becomes 


T 333 1 K 

7i thc =1 ^ = 1 = 0.3632 = 36 . 3 % 


T 


H 


523 K 


( b ) The heat supplied during this cycle is simply the enthalpy of 
vaporization, 


<7in =^@ 25 0”C = 17153 kJ/k § 


Thus, 


Tr 


2out = $ L 


T 


Q in = 


H 


^ 333. 1 K" 1 
523 K 


(1715.3 kJ/kg)= 1092.3 kj/kg 


(c) The net work output of this cycle is 


w 


net 


= '7th?in =(0.3632)(l715.3 kJ/kg) = 623.0 kj/kg 



10-4 A steady-flow Carnot engine with water as the working fluid operates at specified conditions. The thermal efficiency, 
the amount of heat rejected, and the net work output are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) Noting that T H = 250°C = 523 K and T L = r sat @ iokPa = 45.8 1°C = 318.8 K, the thermal efficiency becomes 


, T L , 318.8 K 

rj th c =l = 1 = 39.04% 


T 


H 


523 K 


(b) The heat supplied during this cycle is simply the enthalpy of 
vaporization, 


Thus, 


#in —hfg@ 250°c -17 15.3 kJ/kg 


t l 

^out Ql t ^in 
1 H 


"318.8K" 
. 523 K , 


(1715.3 kJ/kg )= 1045.6 kj/kg 


(c) The net work output of this cycle is 

w ncl = I] lh q m = (0.3904)(l 715.3 kJ/kg) = 669.7 kj/kg 
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10-5 A steady-flow Carnot engine with water as the working fluid operates at specified conditions. The thermal efficiency, 
the pressure at the turbine inlet, and the net work output are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (< a ) The thermal efficiency is determined from 


, T L , 60 + 273 K 

77th, c = 1 = 1 = 46 - 5% 


Z 


H 


350 + 273 K 


(b) Note that 

S2 = S?, = Sf+ X3 Sf g 

= 0.8313 + 0.891 x 7.0769 = 7.1368 kJ/kg-K 

Thus, 


T 2 = 350°C 

s 2 = 7.1368 kJ/kg-K 


\ P 2 = 1.40 MPa (Table A-6) 



(c) The net work can be determined by calculating the enclosed area on the T-s diagram, 
54 =s f +x A s fg = 0.8313 + (0.1X7.0769) = 1.5390 kJ/kg-K 

Thus, 

w nct = Area = (t h -T l \s 3 - s 4 )= (350 -60+. 1368-1.5390) = 1623 kj/kg 
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The Simple Rankine Cycle 


10-5 


10-6C The four processes that make up the simple ideal cycle are (1) Isentropic compression in a pump, (2) P = constant 
heat addition in a boiler, (3) Isentropic expansion in a turbine, and (4) P = constant heat rejection in a condenser. 


10-7C Heat rejected decreases; everything else increases. 


10-8C Heat rejected decreases; everything else increases. 


10-9C The pump work remains the same, the moisture content decreases, everything else increases. 


10-10C The actual vapor power cycles differ from the idealized ones in that the actual cycles involve friction and pressure 
drops in various components and the piping, and heat loss to the surrounding medium from these components and piping. 


10-11C The boiler exit pressure will be (a) lower than the boiler inlet pressure in actual cycles, and (b) the same as the 
boiler inlet pressure in ideal cycles. 


10-12C We would reject this proposal because w tur b = h x - h 2 - q 0 ut , and any heat loss from the steam will adversely affect 
the turbine work output. 


10-13C Yes, because the saturation temperature of steam at 10 kPa is 45.8 1°C, which is much higher than the temperature 
of the cooling water. 
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10-14 A simple ideal Rankine cycle with R-134a as the working fluid operates between the specified pressure limits. The 
mass flow rate of R- 134a for a given power production and the thermal efficiency of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the refrigerant tables (Tables A-l 1, A- 12, and A- 13), 


_ ^/@ o. 4 MPa - 63.94 kJ/kg 
v i = ^ f @ 0.4 MPa = 0.0007907 m 3 /kg 


w ■ = 

P,»n 


^(P 2 -P\) 

(0.0007907 m 3 /kg)(1600-400)kPa 
0.95 kJ/kg 


lkJ 


1 kPa • m 3 


h 2 =/?! +w pin =63.94 + 0.95 = 64.89 kJ/kg 


P 3 =1.6 MPa 

r 3 = 80°c 

P 4 = 0.4 MPa 

s 4 ~ s 3 


h 3 =305.07 kJ/kg 
s 3 = 0.9875 kJ/kg -K 

h 4 =273.21 kJ/kg 


Thus, 


q. m =h 3 -h 2 =305.07 -64.89 = 240. 18 kJ/kg 
q out = h 4 -h x =273.21-63.94 = 209.27 kJ/kg 
w net - ^in ~ V out = 240. 1 8 - 209.27 = 30.91 kJ/kg 



The mass flow rate of the refrigerant and the thermal efficiency of the cycle are then 


W, 


m = 


net 


750 kJ/s 


w net 30.91 kJ/kg 


= 24.26 kg/s 


rj ih =1-^L = 1-^T = 0.129 


9i 


in 


240.18 
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10-15 A simple ideal Rankine cycle with R-134a as the working fluid is considered. The turbine inlet temperature, the cycle 
thermal efficiency, and the back-work ratio of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis From the refrigerant tables (Tables A-l 1, A- 12, and A- 13), 


p \ -^sat@io°c - 414.89 kPa 
h\ - ^ f@ io°c = 65.43 kJ/kg 
i/j = v f , a 10 o C = 0.0007930 m 3 /kg 

W p,in = ^\( P 2 ~ P \) 

= (0.0007930 m 3 /kg)(1400 - 414.89)kPa 
= 0.78 kJ/kg 

h 2 = h { +w pM = 65.43 + 0.78 = 66.21 kJ/kg 



T 4 = 10°C 1 h 4 =h f +x 4 h fg = 65.43 + (0.98)(190.73) = 252.35 kJ/kg 

x 4 = 0.98 j s 4 = s f +x 4 s fg =0.25286 + (0.98)(0.67356) = 0.91295 kJ/kg -K 


P 3 = 1400 kPa 1 * 3 = 276.91 kJ/kg 

s 3 = s 4 = 0.9 1295 kJ/kg • K J T 3 =5 3.0°C 


Thus, 


q m = h 3 -h 2 =276.91 -66.21 = 210.70 kJ/kg 
q out =h 4 -h x =252.35 -65.43 = 186.92 kJ/kg 


The thermal efficiency of the cycle is 


„ 1 4 out 1 186.92 

/7 th = 1 = 1 

q m 210.70 


0.113 


The back-work ratio is determined from 

w P ,in _ w Pin _ 0,78 kJ/kg 

VbW ~ W T,out ~ ~K ~ (276.91 -252.35) kJ/kg 


0.0318 
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10-16 A simple ideal Rankine cycle with water as the working fluid is considered. The work output from the turbine, the 
heat addition in the boiler, and the thermal efficiency of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4, A-5, and A-6), 


P\ _ ^sat @ 40 °c _ 7.385 kPa 
^2 = ^sat @ 300 °c =8588kPa 
h x -h 4Q°c = 167.53 kJ/kg 

i/ 1 = i/ f !a 40 o C = 0.001008 m 3 /kg 


w r,m = 


A, = 


lkJ 


v x {P 2 -P x ) 

(0.001008 m 3 /kg)(8588-7.385)kPa 
8.65 kJ/kg UkPa-m 

h [ +w pin =167.53 + 8.65 = 176. 18 kJ/kg 



T 3 = 300°C I h 3 = 2749.6 kJ/kg 
jc 3 = 1 j s 3 = 5.7059 kJ/kg -K 


T 4 = 40°C 

■ s 4 = s 3 


s 4 -s f 5.7059-0.5724 A ££01 

x A = = = 0.6681 

s fg 7.6832 

h 4 =h f + x 4 h fg = 167.53 + (0.6681)(2406.0)= 1775.1 kJ/kg 


Thus, 

w T>out = h 3 -h 4 =2749.6-1775.1 = 974.5 kJ/kg 
q. n =h 3 -h 2 = 2749.6 - 176. 18 = 2573.4 kJ/kg 
q out = h 4 -h l =1775.1-167.53 =1607.6 kJ/kg 


The thermal efficiency of the cycle is 


7th 


1 7out 1607.6 

q m 2573.4 


0.375 
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10-17E A simple ideal Rankine cycle with water as the working fluid operates between the specified pressure limits. The 
rates of heat addition and rejection, and the thermal efficiency of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4E, A-5E, and A-6E), 


h \ = h f@ 3 psia = 109.40 Btu/lbm 


1 / 1 = 1 / 


/@ 3 psia = 0.01630 ftVlbm 


w p,in =V\( P 2 ~ P l) 

= (0.01630 ft 3 /lbm)(800 - 3)psia 
= 2.40 Btu/lbm 


1 Btu 


5.404 psia • ft 
h 2 =h x + w pin =109.40 + 2.40 = 111. 8 1 Btu/lbm 


P 3 = 800 psia 
r 3 zz 900°F 

P 4 = 3 psia 
s 4 = s 3 


h 3 =1456.0 Btu/lbm 
s 3 =1.6413 Btu/lbm -R 


^ = L6413-0^ = O549 


fg 


1.6849 



h A = h f + x 4 h fg = 109.40 + (0.8549)(1012.8) = 975.24 Btu/lbm 


Knowing the power output from the turbine the mass flow rate of steam in the cycle is determined from 


^T,out =rh(h 3 -h 4 ) > m = 




T,out 


1750 kJ/s 


h 3 - h 4 (1456.0 - 975.24)Btu/lbm 


0.94782 Btu 


lkJ 


= 3.450 lbm/s 


The rates of heat addition and rejection are 

Q m = m(h 3 -h 2 ) = (3.450 lbm/s)( 1456.0 - 11 1.81)Btu/lbm = 4637 Btu/S 
Q out = m(h 4 -h l ) = (3.450 lbm/s)(975.24 - 109.40)Btu/lbm = 2987 Btu/S 

and the thermal efficiency of the cycle is 




CL 


4637 


= 0.3559 = 35.6% 
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10-18E A simple ideal Rankine cycle with water as the working fluid operates between the specified pressure limits. The 
turbine inlet temperature and the thermal efficiency of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential 
energy changes are negligible. 

Analysis From the steam tables (Tables A-4E, A 

h\ = hf@ 5 P sia = 130.18 Btu/lbm 

f'l — v f @ 5 psia = 0.01641 ft 3 /lbm 

W p,in = ( P 2 ~ P\ ) 

= (0.01641 ft 3 /lbm)(2500-5)psia 
= 7.58 Btu/lbm 

h 2 =h x + w pin =130.18 + 7.58 = 137.' 

P 4 =5 psia h 4 = hf+x 4 hf g = 130. 18 + (0.80)(1 000.5) = 930.58 Btu/lbm 

x 4 = 0.80 s 4 = Sf + x 4 s j g = 0.23488 + (0.80)(1 .60894) = 1 .52203 Btu/lbm • R 



P 3 = 2500 psia ] h 3 = 1450.8 Btu/lbm 

s 3 =s 4 =\ .52203 Btu/lbm • R J T 3 = 989.2°F 

Thus, 

q m =h 3 -h 2 =1450.8-137.76 = 1313.0 Btu/lbm 
q out =h 4 -h x =930.58-130.18 = 800.4 Btu/lbm 

The thermal efficiency of the cycle is 


»7fh =1 ~ 


^OUt 

in 


= 1 - 


800.4 

1313.0 


0.390 
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10-19E A simple steam Rankine cycle operates between the specified pressure limits. The mass flow rate, the power 
produced by the turbine, the rate of heat addition, and the thermal efficiency of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4E, A-5E, and A-6E), 


h \= h m\ v ™ = 69.72 Btu/lbm 
‘'i =Vf@ epsia = 0.01614 ft 3 /lbm 


w 


p,m 


= ^(P 2 -Pi) 

= (0.01614 ft 3 /lbm)(2500-l)psia 
= 7.46 Btu/lbm 


f 


1 Btu 


^ 5.404 psia - ft 3 J 


h 2 =h x + w p?in = 69.72 + 7.46 = 77. 1 8 Btu/lbm 


P 3 — 2500 psia 1 h 3 = 1302.0 Btu/lbm 
r 3 = 800°F J s 3 = 1 .4 1 1 6 Btu/lbm • R 



P 4 = 1 psia 
s 4 = ^ 3 


^4 ~ s f 1.4116-0.13262 


^ 4s = 


fg 


1.84495 


= 0.6932 


h 4s =h f +x 4s h fg = 69.72 + (0.6932)(1035.7) = 787.70 Btu/lbm 


h 2 -h 4 
h 3 -h As 




- (h 3 -h 4s ) = 1302.0 - (0.90)(1302.0 - 787.70) = 839.13 kJ/kg 


Thus, 

q m =h 3 -h 2 = 1302.0-77.18 = 1224.8 Btu/lbm 
q out =h 4 -h x = 839.13-69.72 = 769.41 Btu/lbm 
w net =q m ~q out = 1224.8-769.41 = 455.39 Btu/lbm 


The mass flow rate of steam in the cycle is determined from 



= ^net 


> m = 



w 


net 


1000 kJ/s 
455.39 Btu/lbm 


"0.94782 Btu 
v lkJ 


\ 


= 2.081 Ibm/s 


The power output from the turbine and the rate of heat addition are 

/ 

W Tou{ = m(h 3 -h 4 ) = (2.08 1 lbm/s)(1302.0 - 839. 13)Btu/lbm 

Q. m =rhq in = (2.081 lbm/s)(1224.8 Btu/lbm) = 2549 Btu/S 
and the thermal efficiency of the cycle is 


lkJ 


0.94782 Btu 


1016 kW 


w. 


V th = 


net 


1000 kJ/s 


0m 


2549 Btu/s 


0.94782 Btu 
lkJ 


= 0.3718 
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10-20E A simple steam Rankine cycle operates between the specified pressure limits. The mass flow rate, the power 
produced by the turbine, the rate of heat addition, and the thermal efficiency of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4E, A-5E, and A-6E), 

h \ = h f@ ipsia = 69.72 Btu/lbm 
f'l epsia = 0.01614 ft 3 /lbm 


w ■ = 

yv p,m 


(0.01614 ft 3 /lbm)(2500-l)psia 
7.46 Btu/lbm 


1 Btu 


hn = 


5.404 psia - ft 
h\ + w pin = 69.72 + 7.46 = 77. 1 8 Btu/lbm 


P 3 = 2500 psia 
r 3 = 800°F 

P 4 = 1 psia 

s 4 = S 3 


x 4 s = 


h 3 =1302.0 Btu/lbm 
s 3 =1.41 16 Btu/lbm- R 

^4 ~ s f 1.4116-0.13262 



fg 


1.84495 


= 0.6932 


/7t = 


h 3 -h 4 


h i -K 


h 4s = h f + x 4s h fg = 69.72 + (0.6932)(1035.7) = 787.70 Btu/lbm 
>/, 4 =h 2 —tj t ( h 3 -h 4s ) = 1302.0 -(0.90)(1302.0- 787.70) = 839.13 kJ/kg 


The mass flow rate of steam in the cycle is determined from 


W„ 


lOOOkJ/s 


W t = m(h 3 -h 4 ) > m = = 

h 3 -h 4 (1302.0-839.13) Btu/lbm 


0.94782 Btu 
lkJ 


A 


= 2.048 lbm/s 


The rate of heat addition is 


Q m =m(h 3 -h 2 ) = (2.048 lbm/s)(1302.0- 77. 18)Btu/lbm| 


and the thermal efficiency of the cycle is 


lkJ 


A 


0.94782 Btu 


= 2508 Btu/s 


W, 


net 


1000 kJ/s 


77 th Q m 2508 Btu/s 


0.94782 Btu 
lkJ 


= 0.3779 


The thermal efficiency in the previous problem was determined to be 0.3718. The error in the thermal efficiency caused by 
neglecting the pump work is then 

^ 0.3779-0.3718 

Error = x 1 00 = 1 . 64 % 

0.3718 
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10-21 A steam power plant operates on a simple ideal Rankine cycle between the specified pressure limits. The thermal 
efficiency of the cycle, the mass flow rate of the steam, and the temperature rise of the cooling water are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis {a) From the steam tables (Tables A-4, A-5, and A-6), 


^i ~hf@ iokPa - 191.81 kJ/kg 
v \ = v f@ iokPa =0.00101 m 3 /kg 

w p, m =‘ / l(^2 ~ P \) 

= (o.ooioi m 3 /kg](7,000-10 kPa| 

V ' l^lkPa-m 3 

= 7.06 kJ/kg 

h 2 = h\ + w pm = 191.81 + 7.06 = 198.87 kJ/kg 


P 3 = 7 MPa 1 h 3 =3411.4 kJ/kg 
r 3 = 500°C J s 3 = 6.8000 kJ/kg • K 



P 4 = 10 kPa 
s 4 = s 3 


s 4 -s f 6.8000-0.6492 

x 4 = = = 0.8201 

s fg 7.4996 

h 4 =h f +x 4 h fg =191.81 + (0.820l)(2392.l) = 2153.6 kJ/kg 


Thus, 

q m =/? 3 -h 2 =341 1.4 -198.87 = 3212.5 kJ/kg 
(/o U t =h 4 -h x =2153.6-191.81 = 1961.8 kJ/kg 
w net =^in - q out = 3212.5 - 1961 .8 = 1250.7 kJ/kg 


(b) 


1th = 


w 


net 


<7i 


in 


1250 - 7 kJ/k g = 38.9% 
3212.5 kJ/kg 


W. 


m = 


net 


W, 


net 


45,000 kJ/s 
1250.7 kJ/kg 


36.0 kg/s 


(c) The rate of heat rejection to the cooling water and its temperature rise are 



AT. 


cooling water 


mq out = (35.98 kg/sXl961.8kJ/kg)= 70,586 kJ/s 

gout 70,586 kJ/s s 

('»c) C00lingwater (2000 kg/s)(4. 18 kJ/kg -°C) 
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10-22 A steam power plant operates on a simple nonideal Rankine cycle between the specified pressure limits. The thermal 
efficiency of the cycle, the mass flow rate of the steam, and the temperature rise of the cooling water are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis {a) From the steam tables (Tables A-4, A-5, and A-6), 


h x 


w 


P, in 


h 2 


hf@ iokPa - 191.81 kJ/kg 
u f@ io kPa = 0.00101 m 3 /kg 


V \{ P 2 ~ P l) /r l 


0.00101 m 
8.11 kJ/kg 



7,000- 10 kPa 


lkJ 


1 kPa -m 

h x +w pM =191. 8 1 + 8. 11 = 199.92 kJ/kg 


/ (0 . 8 7 ) 


P 3 =7MPaU 3 =3411.4 kJ/kg 
T 3 = 500°C \s 3 = 6.8000 kJ/kg • K 



P 4 = 1 0 kPa 

5 4 = .S’ 3 


s *- s f 6.8000-0.6492 Qom 

x A = — = = 0.8201 

s fg 7.4996 

h 4s =h f + x 4 h fg =191.81 + (0.820X2392. l) = 2153.6 kJ/kg 


h 3 -h 4 
h 3 - h 4s 


> h 4 = h 3 -r/ T (h 3 -h 4s ) 

= 341 1.4 - (0.87X341 1.4 - 2153.6) = 2317.1 kJ/kg 


Thus, 


and 


(b) 


q in =h 3 -h 2 = 3411.4-199.92 = 3211.5 kJ/kg 
q out = h 4 - /?, = 2317.1 - 191.81 = 2125.3 kJ/kg 
w net =ftn-<7out = 321 1.5 - 2125.3 = 1086.2 kJ/kg 


w 


n t h = 


net 




in 


1086 - 2 kJ / k ^ 33 . 8 % 

3211.5 kJ/kg 


W, 


m = 


net 


W 


net 


45,000 kJ/s 
1086.2 kJ/kg 


= 41.43 kg/s 


(c) The rate of heat rejection to the cooling water and its temperature rise are 
Qout = mq out = (41.43 kg/s)(2125.3 kJ/kg) = 88,051 kJ/s 
Q out 88,051 kJ/s 


AT. 


coolingwater 


(me) 


coolingwater 


(2000 kg/s)(4.18 kJ/kg -°C) 


= 10.5°C 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



10-15 


10-23 A simple Rankine cycle with water as the working fluid operates between the specified pressure limits. The rate of 
heat addition in the boiler, the power input to the pumps, the net power, and the thermal efficiency of the cycle are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From the steam tables (Tables A-4, A-5, and A-6), 


T\=50kPa h x =hj-@ 15 o C = 3 14.03 kJ/kg 

T\ = ^sat@50kPa “6.3 = 81.3 -6.3 = 75°C v x = </ /@75 o C = 0.001026 m 3 /kg 


w 


p,m 


= v x {P 2 -P x ) 

= (0.001026 m 3 /kg)(6000 - 50)kPa 
= 6.10 kJ/kg 


lkJ 


lkPa-m 


h 2 = h x + w pin =314.03 + 6.10 = 320. 13 kJ/kg 


P 3 = 6000 kPa 
T 3 = 450°C 


P 4 = 50 kPa 


Sa =s 


h 3 =3302.9 kJ/kg 
s 3 =6.7219 kJ/kg -K 

^4 ~ s f 6.7219-1.0912 


*4, = 


' fg 


6.5019 


= 0.8660 



h 4s = h f +x 4s h fg =340.54 + (0.8660)(2304.7) = 2336.4 kJ/kg 


rj T = > /?4 =h 3 -j lT (h 3 - h 4s ) = 3302.9 - (0.94)(3302.9 - 2336.4) = 2394.4 kJ/kg 

h 3 -h 4s 

Thus, 

Q m = m(h 3 -h 2 ) = (20 kg/s)(3302.9- 320. 13)kJ/kg = 59,660 kW 
W Tout =m(h 3 -h 4 ) = (20kg/s)(3302.9-2394.4)kJ/kg = 18,170kW 
W ?in = ^ w p,in = (20 kg/s)(6. 10 kJ/kg) =122 kW 
Ket = ^T,out -^P,in = 1 8,170 - 122 = 1 8,050 kW 


>7th 




18,050 

59,660 


0.3025 
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10-24 The change in the thermal efficiency of the cycle in Prob. 10-23 due to a pressure drop in the boiler is to be 

determined. 

Analysis We use the following EES routine to obtain the solution. 


"Given" 

P[2]=6000 [kPa] 

DELTAP=50 [kPa] 

P[3]=6000-DELTAP [kPa] 

T[3]=450 [C] 

P[4]=50 [kPa] 

Eta T=0.94 

DELTAT_subcool=6.3 [C] 

T[1]=temperature(Fluid$, P=P[1], x=x[1])-DELTAT_subcool 
m dot=20 [kg/s] 

"Analysis" 

Fluid$='steamjapws' 

P[1]=P[4] 

x[1]=0 

h[1]=enthalpy(Fluid$, P=P[1], T=T[1]) 
v[1]=volume(Fluid$, P=P[1], T=T[1]) 
w_pJn=v[1]*(P[2]-P[1]) 
h[2]=h[1]+w_p_in 

h[3]=enthalpy(Fluid$, P=P[3], T=T[3]) 
s[3]=entropy(Fluid$, P=P[3], T=T[3]) 
s[4]=s[3] 

h_s[4]=enthalpy(Fluid$, P=P[4], s=s[4]) 

Eta T =(h[3]-h[4])/(h[3]-h_s[4]) 
qjn=h[3]-h[2] 
q_out=h[4]-h[1] 
w net=q_in-q_out 
Eta_th= 1 -q_out/q_i n 

Solution 

DELTAP=50 [kPa] 

Eta_th=0.3022 
h[2]=320.21 [kJ/kg] 
h_s[4]=2338.1 [kJ/kg] 

P[2]=6000 
q_in=2983.4 [kJ/kg] 
s[4]=6.7265 [kJ/kg-K] 
v[1 ]=0.001026 [m A 3/kg] 
x[1]=0 


DELTAT_subcool=6.3 [C] 
Fluid$='steamjapws' 
h[3]=3303.64 [kJ/kg] 
m_dot=20 [kg/s] 
P[3]=5950 

q out=2081 .9 [kJ/kg] 
T[1]=75.02 [C] 
w_net=901 .5 [kJ/kg] 


Eta_T=0.94 
h[1]=314.1 1 [kJ/kg] 
h[4]=2396.01 [kJ/kg] 
P[1]=50 
P[4]=50 

s[3]=6.7265 [kJ/kg-K] 
T[3]=450 [C] 
w_p_in=6.104 [kJ/kg] 


Discussion The thermal efficiency without a pressure drop was obtained to be 0.3025. 
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10-25 The net work outputs and the thermal efficiencies for a Carnot cycle and a simple ideal Rankine cycle are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis {a) Rankine cycle analysis: From the steam tables (Tables A-4, A-5, and A-6), 


\ ~ h/@ 50 kPa ~ 340.54 kJ/kg 
V\ ={/ f@ 50kPa = 0.001030 m 3 /kg 


lkJ 


W p , in = ‘'l ( P 2 ~ P l ) 

= (o. 001030 m 3 /kg)(5000 - 50)kPa 

= 5.10 kJ/kg 
h 2 = /?! + w p m = 340.54 + 5.10 = 345.64 kJ/kg 


1 kPa • m 


P 3 = 5 MPa 
x 3 = 1 

P 4 = 50 kPa 

5 4 = ^3 


h 3 = 2794.2 kJ/kg 
*s 3 = 5.9737 kJ/kg -K 

s 4~ s f 5.9737-1.09120 n 

>x d = = = 0.7509 

s fg 6.5019 

h 4 = h f + x 4 h fg = 340.54 + (0.7509X2304.7) 
= 2071.2 kJ/kg 


9in = *3 - h 2 = 2794.2 - 345.64 = 2448.6 kJ/kg 
q out =h 4 -h x =2071.2-340.54 = 1730.7 kJ/kg 
^net = 9m - <7out = 2448.6 - 1730.7 = 717.9 kJ/kg 



tj ± = 1 - — = 1 - 1730,7 = 0.2932 = 29.3% 


9i 


in 


2448.6 


(b) Carnot Cycle analysis: 


P 3 = 5 MPa 


x 3 = 1 


h 3 = 2794.2 kJ/kg 
T 3 = 263. 9°C 


T 2 =T 3 =263.9°C 


x 2 =0 


h 2 =1154.5 kJ/kg 
.s' 2 = 2.9207 kJ/kg • K 


P x = 50 kPa 


s \ ~ s 2 


Xi = 


s \ ~ S f 


2.9207-1.0912 


s fg 6.5019 


= 0.2814 


h x = h f + x x h fg 

= 340.54 + (0.28 14)(2304.7) = 989.05 kJ/kg 



q. n =h 3 -h 2 = 2794.2 - 1 154.5 = 1639.7 kJ/kg 
q out =h 4 -h x = 2071.2 - 340.54 = 1082.2 kJ/kg 
w net ~ m ~ V out = 1639.7 - 1082.2 = 557.5 kJ/kg 


n = 1 _ i»2L = i _ = 0.3400 = 34.0% 

<7i„ 1639.7 
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10-26 A 120-MW coal-fired steam power plant operates on a simple ideal Rankine cycle between the specified pressure 
limits. The overall plant efficiency and the required rate of the coal supply are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) From the steam tables (Tables A-4, A-5, and A-6), 


K - h/@ 15 kPa ~ 225.94 kJ/kg 
v \ ~ u f@ 15 kPa = 0.0010140 m 3 /kg 


w 


P, in 


h 2 


= v l {P 2 -P l ) 

= (o.001014 m 3 /kg)(9000 - 15 kPa 

= 9.11 kJ/kg 
= h x + w pM = 225.94 + 9. 1 1 = 235.05 kJ/kg 


lkJ 


1 kPa • m 


P 3 = 9 MPa 1 h 3 = 3512.0 kJ/kg 
T 3 = 550°C J = 6.8164 kJ/kg -K 



P 4 = 15kPa 

s 4 = 5-3 


>x. 


h. 


= fiZ f/ = 6.8164-0,7549 =ag35g 
S fg 7.2522 

= hj -+x 4 h fg =225.94 + (0.8358)(2372.4)= 2208.8 kJ/kg 


The thermal efficiency is determined from 

q m =h 3 -h 2 =35 12.0 -235.05 = 3276.9 kJ/kg 
q out =h 4 -h l = 2208.8 - 225.94 = 1982.9 kJ/kg 

and 


77 th =l-^HL = l-^^- = 0.3949 


q 


in 


3276.9 


Thus, 


Coverall = '7th x '7 C omb x ^gen = (0.3 949 Xo. 75 )(0.96) = 0.2843 = 28.4% 


(b) Then the required rate of coal supply becomes 


Qi n = 


and 


m 


W, 


net 


coal 


120,000 kJ/s 
V overall 0.2843 

Q ia _ 422,050 kJ/s 
29,300 kJ/kg 


= 422,050 kJ/s 


= 14.404 kg/s = 51.9 tons/h 
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10-27 A single-flash geothermal power plant uses hot geothermal water at 230°C as the heat source. The mass flow rate of 
steam through the turbine, the isentropic efficiency of the turbine, the power output from the turbine, and the thermal 
efficiency of the plant are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis {a) We use properties of water for geothermal water (Tables A-4 through A-6) 


P 4 = 1 0 kPa 
x 4 = 0.90 


ij t = 


h 3 -h 4 


\h 4 =h f +x 4 h fg = 191.81 + (0.90)(2392.1) = 2344.7 kJ/kg 
2748.1-2344.7 


>h-h 4s 


= 0.686 


2748.1-2160.3 
(c) The power output from the turbine is 

W Jout =m 3 (h 3 -h 4 ) = (3 8.20 kJ/kg)(2748.1-2344.7)kJ/kg = 15,410 kW 
(i d) We use saturated liquid state at the standard temperature for dead state enthalpy 
T 0 = 25°C 


*o =° 


h 0 =104.83 kJ/kg 


E in =m x (h x -h 0 ) = (230kJ/kg)(990.14-104.83)kJ/kg = 203,622kW 

n = 5^21 = 15 ’ 410 = 0.0757 = 7.6% 

E in 203,622 
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10-28 A double-flash geothermal power plant uses hot geothermal water at 230°C as the heat source. The temperature of 
the steam at the exit of the second flash chamber, the power produced from the second turbine, and the thermal efficiency of 
the plant are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis {a) We use properties of water for geothermal water (Tables A-4 through A-6) 

T x = 230°C] 

1 7 AAA 1 ^ 1 T/1 


x x = 0 


h x = 990.14 kJ/kg 


P 2 = 500 kPa 

h 2 = h x =990. 14 kJ/kg 


x 2 — 0.1661 


m 3 = x 2 m x = (0.166 1)(230 kg/s) = 38.20 kg/s 
m 6 = m x -m 3 = 230-0.1661 = 191. 80 kg/s 


P 3 = 500 kPa 
x 3 = 1 

P 4 = 10 kPa 
x 4 = 0.90 

P 6 = 500 kPa 
.w = 0 


h 3 = 2748.1 kJ/kg 


h 4 = 2344.7 kJ/kg 


h 6 = 640.09 kJ/kg 


P n =150 kPa ] r 7 =111.35 °C 


h-, - h 6 


Xj =0.0777 



production 

well 


well 


Po=150kPa well 

8 \h s =2693.1 kJ/kg 

^8=1 J 

(b) The mass flow rate at the lower stage of the turbine is 

= x 7 m 6 = (0.0777)(191.80 kg/s) = 14.90 kg/s 
The power outputs from the high and low pressure stages of the turbine are 

W Thout = m 3 (h 3 - h 4 ) = (38.20 kJ/kg)(2748. 1 - 2344.7)kJ/kg = 15,410 kW 

W T2 onX = m 8 (/z 8 - h 4 ) = (14.90 kJ/kg)(2693.1 - 2344.7)kJ/kg = 5191 kW 

(c) We use saturated liquid state at the standard temperature for the dead state enthalpy 


T 0 = 25°C 


h 0 =104.83 kJ/kg 


^o=0 J 

E m = WjC/?! -/? 0 ) = (230kg/s)(990.14-104.83)kJ/kg = 203,621kW 

^ = 1 5,4 1 0 + 5 193 = oioi = io.i % 

E-„ 203,621 
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10-29 A combined flash-binary geothermal power plant uses hot geothermal water at 230°C as the heat source. The mass 
flow rate of isobutane in the binary cycle, the net power outputs from the steam turbine and the binary cycle, and the 
thermal efficiencies for the binary cycle and the combined plant are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis {a) We use properties of water for geothermal water (Tables A-4 through A-6) 


T x = 230°C 


x x = 0 


h x = 990.14 kJ/kg 


P 2 = 500 kPa 

h 2 =h x =990. 14 kJ/kg 


x 2 =0.1661 


m 3 = x 2 m x = (0. 1 66 1)(230 kg/s) = 38.20 kg/s 
m 6 = m x - m 3 = 230-38.20 = 191.80 kg/s 


P 3 = 500 kPa 

x 3 = 1 

P 4 = 10 kPa 
x 4 = 0.90 


\h 3 =2748.1 kJ/kg 


\h 4 = 2344.7 kJ/kg 


P 6 = 500 kPa 
x 6 =0 


h 6 = 640.09 kJ/kg 


r 7 = 90°C 

X-j — 0 


\h n =377.04 kJ/kg 


The isobutane properties are obtained 
from EES: 


P 8 = 3250 kPa 
r 8 = 145°C 

P 9 = 400 kPa 
T 9 = 80°C 

P xo = 400 kPa 
x io ~ ^ 


h s = 755.05 kJ/kg 

\h g =691.01 kJ/kg 
h 10 = 270.83 kJ/kg 


v 10 = 0.001839 m 7kg 
w pM = VwiPu-PioVn 



)(3250-400)kPa 

^ 1 kJ 


^1 kPa • nr j 



/0.90 


= 5.82 kJ/kg. 
h\\ - h XQ + w p in = 270.83 + 5.82 = 276.65 kJ/kg 


An energy balance on the heat exchanger gives 

m 6 (h 6 -h 1 ) = m iso (h s -h u ) 

(191.81 kg/s)(640.09 - 377.04)kJ/kg = m iso (755.05 - 276.65)kJ/kg > »; iso = 105.46 kg/s 

(h) The power outputs from the steam turbine and the binary cycle are 

^t, steam = ot 3 (/! 3 - h 4 ) = (38.19 kj/kg)(2748. 1 - 2344.7)kJ/kg = 15,410 kW 


^T.iso = m iso (h s -hg) = (105.46 kJ/kg)(755.05 - 691.01)kJ/kg = 6753 kW 
^net,binaiy = ^T,iso ~ w P ,in = 6753 - (105.46 kg/s)(5.82 kJ/kg) = 6139 kW 
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(c) The thermal efficiencies of the binary cycle and the combined plant are 

e,n,binary = (* 8 ~ h u) = (105.46 kJ/kg)(755 .05 - 276.65)kJ/kg = 50,454 kW 

l^net, binary 6139 mot 

^th, binary = “ = = °- 122 = 12 « 2% 


Q 


in, binary 


50,454 


T 0 = 25°C 
x 0 =0 


\h 0 =104.83 kJ/kg 


E in =m 1 (/z 1 -h 0 ) = (230kJ/kg)(990.14-104.83)kJ/kg = 203,622 kW 
steam + ^net, binary 15, 4 10 + 6139 i a ^ ©7 

//th, plant = = = 0-1 06 = 10 . 6 % 


E, 


in 


203,622 
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10-30C The pump work remains the same, the moisture content decreases, everything else increases. 


10-31C The T-s diagram shows two reheat cases for the reheat Rankine cycle similar to the one shown in Figure 10-11. In 
the first case there is expansion through the high-pressure turbine from 6000 kPa to 4000 kPa between states 1 and 2 with 
reheat at 4000 kPa to state 3 and finally expansion in the low-pressure turbine to state 4. In the second case there is 
expansion through the high-pressure turbine from 6000 kPa to 500 kPa between states 1 and 5 with reheat at 500 kPa to 
state 6 and finally expansion in the low-pressure turbine to state 7. Increasing the pressure for reheating increases the 
average temperature for heat addition makes the energy of the steam more available for doing work, see the reheat process 2 
to 3 versus the reheat process 5 to 6. Increasing the reheat pressure will increase the cycle efficiency. However, as the 
reheating pressure increases, the amount of condensation increases during the expansion process in the low-pressure turbine, 
state 4 versus state 7. An optimal pressure for reheating generally allows for the moisture content of the steam at the low- 
pressure turbine exit to be in the range of 10 to 15% and this corresponds to quality in the range of 85 to 90%. 



10-32C The thermal efficiency of the simple ideal Rankine cycle will probably be higher since the average temperature at 
which heat is added will be higher in this case. 
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10-33 An ideal reheat steam Rankine cycle produces 5000 kW power. The rates of heat addition and rejection, and the 
thermal efficiency of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4, A-5, and A-6), 


h\ ~hf@ iokPa - 191.81 kJ/kg 
v i = v f@ iokPa = 0.001010 m 3 /kg 

M; p,in = t/ l( / 2 - P 1 ) 

= (0.001010 m 3 /kg)(8000-10)kPa 
= 8.07 kJ/kg 
h 2 =h x +w pin =191.81 + 8.07 =199.88 kJ/kg 


1 kJ 


lkPa-m 3 


P 3 = 8000 kPa 
T 3 = 450°C 

P 4 = 500 kPa 

— S i 


h 3 =3273.3 kJ/kg 
^ 3 = 6.5579 kJ/kg -K 

^4 -s f 6.5579-1.8604 


X A = 


fg 


4.9603 


= 0.9470 



h 4 = h f +x 4 h fg = 640.09 + (0.9470)(2 1 08.0) = 2636.4 kJ/kg 


P 5 = 500 kPa | * 5 = 3484.5 kJ/kg 
T 5 = 500°C \ s 5 = 8.0893 kJ/kg • K 


P 6 = 1 0 kPa 

^6 = *^5 


x 6 = = 8. 08 93 -0. 6492 = Q 992i 

s fg 7.4996 

h 6 =h f +x 6 h fg = 191.81 + (0.992 1)(2392. 1) = 2564.9kJ/kg 


Thus, 

cj in = (h 3 -h 2 ) + (h 5 -h 4 ) = 3273.3 - 199.88 + 3484.5 - 2636.4 = 3921 .5 kJ/kg 
q out =h 6 -h l =2564.9 -191.81 = 2373.1 kJ/kg 
vt ; net =q in -q out =3921. 5 -2373. 1 = 1548.5 kJ/kg 


The mass flow rate of steam in the cycle is determined from 


Ket = ”< h 3 ~ h 4 ) > m = 


w. 


net 


W 


net 


5000kJ/s 
1548.5 kJ/kg 


3.229 kg/s 


and the thermal efficiency of the cycle is 


tfth 


I 9 out _ i _ 2-173. 1 
<?;„ “ 3921.5 


0.395 
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10-34 An ideal reheat steam Rankine cycle produces 2000 kW power. The mass flow rate of the steam, the rate of heat 
transfer in the reheater, the power used by the pumps, and the thermal efficiency of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4, A-5, and A-6 or EES), 


~hf@ ioo kPa - 417.51 kJ/kg 
u \ =u f@ lookPa = 0.001043 m 3 /kg 


w ■ = 

P,m 


h, = 


v l( P 2 ~ P l) 

(0.001043 m 3 /kg)(15000-100)kPa 
15.54 kJ/kg 


1 kJ 


lkPa-m 3 

/i, + w pin = 417.51 + 15.54 = 433.05 kJ/kg 


P 3 = 15,000 kPa 
T 3 = 450°C 


h 3 =3 157.9 kJ/kg 
s 3 =6. 1434 kJ/kg K 



P 4 = 2000 kPa 

5 4 = 5 3 


s 4 -s f 6.1434-2.4467 

x a = — = — = 0.9497 

s fg 3.8923 

h 4 = h f + x 4 h jg = 908.47 + (0.9497)(1 889.8) = 2703.3 kJ/kg 


P 5 = 2000 kPa 1 h 5 =3358.2 kJ/kg 
T 5 = 450°C ] s 5 = 7.2866 kJ/kg • K 


P 6 = lOOkPa 

S 6 — *^5 


x 6 =^= 7 - 2866 - L3028 =0.9880 
s fg 6.0562 

h 6 =h f +x 6 h fg = 417.51 + (0.9880)(22257. 5) = 2648.0 kJ/kg 


Thus, 

q . m =(h 3 -h 2 ) + (h 5 -h 4 ) = 3157.9-433.05 + 3358.2-2703.3 = 3379.8 kJ/kg 
cj out =h 6 -/?! = 2648.0-417.51 = 2230.5 kJ/kg 
vt ; net =q in ~q ou t =379.8 -2230.5 = 1149.2 kJ/kg 

The power produced by the cycle is 

W net = mw mx = (1 .74 kg/s)(l 1 49.2 kJ/kg) = 2000 kW 

The rate of heat transfer in the rehetaer is 


Preheater = ™( h 5 - K ) = (1 .740 kg/s)(3358.2 - 2703.3) kJ/kg = 1 1 40 kW 
W ?M = mw Pin = (1.740 kg/s)(15.54 kJ/kg) = 27 kW 


and the thermal efficiency of the cycle is 


, q 0 ut , 2230.5 

7 th = ' = 1 

q m 3379.8 


0.340 
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10-35 A steam power plant that operates on the ideal reheat Rankine cycle is considered. The turbine work output 
and the thermal efficiency of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4, A-5, and A-6), 
h\ ~ hf@ 20 kPa =251 .42 kJ/kg 

v i =l/ /@20kPa =0.001017 m 3 /kg 

i, in = v \ 0 2 ~ ) 

= (o.001017 m 3 /kg)(6000-20 kPa x 1 kJ 
= 6.08 kJ/kg 

h 2 = /?, + w in = 25 1 .42 + 6.08 = 257.50 kJ/kg 


w 


1 kPa • m 


P 3 = 6 MPa 
T 3 = 400°C 


P 4 = 2 MPa 


= 5 


P 5 = 2 MPa 
T* = 400°C 


P 6 = 20 kPa 


5a — 5 . 


h 3 =3178.3 kJ/kg 
5 3 =6.5432 kJ/kg -K 

h 4 =2901.0 kJ/kg 

h 5 =3248.4 kJ/kg 
5 5 =7.1292 kJ/kg -K 



x 6 = 


^6 -s f 7.1292-0.8320 


fg 


7.0752 


= 0.8900 


h 6 =h f +x 6 h fg =251.42 + (0.8900X2357.5)= 2349.7 kJ/kg 
The turbine work output and the thermal efficiency are determined from 


w 


and 


Thus, 


To U t =(*3 -h 4 ) + (h 5 -h 6 )= 3178.3 -2901.0 + 3248.4 -2349.7 =1176 kJ/kg 

q m =(h 3 -h 2 )+(h 5 -/? 4 ) = 3178.3 -257.50 + 3248.4 -2901.0 = 3268 kJ/kg 
w net = w T,out ~ w p,in = 1 176 - 6.08 = 1170 kJ/kg 

w net 1170 kJ/kg 


n * = 


q [n 3268 kJ/kg 


= 0.358 = 35 . 8 % 
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10-36 Problem 10-35 is reconsidered. The problem is to be solved by the diagram window data entry feature of EES 

by including the effects of the turbine and pump efficiencies and reheat on the steam quality at the low-pressure turbine exit 
Also, the T-s diagram is to be plotted. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data - from diagram window" 

{P[6] = 20 [kPa] 

P[3] = 6000 [kPa] 

T[3] = 400 [C] 

P[4] = 2000 [kPa] 

T[5] = 400 [C] 

Eta_t = 100/100 "Turbine isentropic efficiency" 

Eta_p = 100/100 "Pump isentropic efficiency"} 

"Pump analysis" 

function x6$(x6) "this function returns a string to indicate the state of steam at point 6" 
x6$=" 

if (x6>1) then x6$='(superheated)' 
if (x6<0) then x6$='(subcooled)' 
end 

Fluid$='Steam_IAPWS' 

P[1] = P[6] 

P[2]=P[3] 

x[1]=0 "Sat'd liquid" 
h[1 ]=enthalpy(Fluid$,P=P[1 ],x=x[1 ]) 
v[1 ]=volume(Fluid$,P=P[1 ],x=x[1 ]) 
s[1]=entropy(Fluid$,P=P[1],x=x[1]) 

T[1 ]=temperature(Fluid$,P=P[1 ],x=x[1 ]) 

W_p_s=v[1]*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume" 

W_p=W_p_s/Eta_p 

h[2]=h[1 ]+W_p "SSSF First Law for the pump" 

v[2]=volume(Fluid$,P=P[2],h=h[2]) 

s[2]=entropy(Fluid$,P=P[2],h=h[2]) 

T[2]=temperatu re(Fluid$, P= P[2], h=h[2]) 

"High Pressure Turbine analysis" 

h[3]=enthalpy(Fluid$,T=T[3],P=P[3]) 

s[3]=entropy(Fluid$,T=T[3],P=P[3]) 

v[3]=volume(Fluid$,T=T[3],P=P[3]) 

s_s[4]=s[3] 

hs[4]=enthalpy(Fluid$,s=s_s[4],P=P[4]) 

Ts[4]=temperature(Fluid$,s=s_s[4],P=P[4]) 

Eta_t=(h[3]-h[4])/(h[3]-hs[4])"Definition of turbine efficiency" 

T[4]=temperature(Fluid$,P=P[4],h=h[4]) 
s[4]=entropy( Flu id$,T=T[4] , P= P[4]) 
v[4]=volume(Fluid$,s=s[4],P=P[4]) 

h[3] =W_t_hp+h[4] 'SSSF First Law for the high pressure turbine" 

"Low Pressure Turbine analysis" 

P[5]=P[4] 

s[5]=entropy(Fluid$,T=T[5],P=P[5]) 

h[5]=enthalpy(Fluid$,T=T[5],P=P[5]) 

s_s[6]=s[5] 

hs[6]=enthalpy(Fluid$,s=s_s[6],P=P[6]) 

Ts[6]=temperature(Fluid$,s=s_s[6],P=P[6]) 

vs[6]=volume(Fluid$,s=s_s[6],P=P[6]) 

Eta_t=(h[5]-h[6])/(h[5]-hs[6])"Definition of turbine efficiency" 
h[5]=W_t_lp+h[6]"SSSF First Law for the low pressure turbine" 
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x[6]=QUALITY(Fluid$,h=h[6],P=P[6]) 

"Boiler analysis" 

QJn + h[2]+h[4]=h[3]+h[5]"SSSF First Law for the Boiler" 
"Condenser analysis" 

h[6]=Q_out+h[1]"SSSF First Law for the Condenser" 
T[6]=temperature(Fluid$,h=h[6],P=P[6]) 
s[6]=entropy(Fluid$,h=h[6],P=P[6]) 
x6s$=x6$(x[6]) 

"Cycle Statistics" 

W_n et= W_t_h p+ W_t_l p- W_p 
Eff=W net/Q in 



s [kJ/kg-K] 


SOLUTION 

Eff=0.358 

Eta_p=1 

Eta_t=1 

Fluid$- Steam JAPWS' 
Q_in=3268 [kJ/kg] 
Q_out=2098 [kJ/kg] 
W_net=1 170 [kJ/kg] 
W_p=6.083 [kJ/kg] 

W _p_s=6.083 [kJ/kg] 

W t_hp=277.2 [kJ/kg] 
W_t_lp=898.7 [kJ/kg] 
x6s$=" 
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10-37E An ideal reheat steam Rankine cycle produces 5000 kW power. The rates of heat addition and rejection, and the 
thermal efficiency of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4E, A-5E, and A-6E or EES), 
h \ =A/@i0psia = 161.25 Btu/lbm 
‘'i = v f@w psia =0.01659 ft 3 /lbm 


W, 


>,in - U \ (^2 ^1 ) 


= (0.0 1 659 ft 3 /lbm)(600 - 1 0)psia 
= 1.81 Btu/lbm 


1 Btu 


5.404 psia - ft 
h 2 =h l +w pin = 161.25 + 1.81 = 163.06 Btu/lbm 


P 3 = 600 psia 
T 3 = 600°F 

P 4 = 200 psia 

S 4 = .S’ 3 


h 3 =1289.9 Btu/lbm 
s 3 = l .5325 Btu/lbm • R 


x A = 


s 4~ s f 1.5325-0.54379 


fg 


1.00219 


= 0.9865 



P S = 
t 5 = 

?6 = 
S f. = 


200 psia 
600°F 

10 psia 

^5 


h 4 = h f +x 4 h fg =355.46 + (0.9865)(843.33) = 1187.5 Btu/lbm 

h 5 =1322.3 Btu/lbm 
s 5 =1.6771 Btu/lbm -R 


x A = 


s 4~ s f 1.6771-0.28362 


fg 


1.50391 


= 0.9266 


h 6 = h f +x 6 h fg = 161.25 + (0.9266)(981.82) = 1071.0 Btu/lbm 


Thus, 

q m = (h 3 —h 2 ) + (h 5 -h 4 ) = 1289.9 - 1 63.06 + 1 322.3 - 1 1 87.5 = 126 1 .7 Btu/lbm 
q out =h 6 -h x =1071.0- 161.25 = 909.7 Btu/lbm 
i+net = q m -q out = 1261.7-909.8 = 352.0 Btu/lbm 


The mass flow rate of steam in the cycle is determined from 



= mw net 


>m = 



w 


net 


5000 kJ/s 
352.0 Btu/lbm 


' 0.94782 Btu 
lkJ 


/ 


= 13.47 lbm/s 


The rates of heat addition and rejection are 

Q m =mq m = (13.47 lbm/s)(1261.7 Btu/lbm) = 16,995 Btu/S 
gout = = ( 13 - 47 lbm/s)(909.7 Btu/lbm) = 12,250 Btu/s 


and the thermal efficiency of the cycle is 


7th = 




5000 kJ/s f 0.94782 Btu 3 
16,990 Btu/s l 1 kJ , 


0.2790 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



10-30 


10-38E An ideal reheat steam Rankine cycle produces 5000 kW power. The rates of heat addition and rejection, and the 
thermal efficiency of the cycle are to be determined for a reheat pressure of 100 psia. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4E, A-5E, and A-6E or EES), 


h\ =h f @ 10ps ia = 161.25 Btu/lbm 
‘'i = f @ 6 psia =0.01659 ft 3 /lbm 


W, 


),in - U \ (^2 ^1 ) 


= (0.0 1 659 ft 3 /lbm)(600 - 1 0)psia 
= 1.81 Btu/lbm 


1 Btu 


5.404 psia - ft 
h 2 =h l +w pin = 161.25 + 1.81 = 163.06 Btu/lbm 


P 3 = 600 psia 
r 3 zz 600°F 

P A = 100 psia 

s 4 = ^3 


h 3 = 1289.9 Btu/lbm 
s 3 = 1.5325 Btu/lbm R 

s 4~ s f 1.5325-0.47427 



X A = 


fg 


1.12888 


= 0.9374 


P S = 
t 5 = 

?6 = 
S f. = 


100 psia 
600°F 

10 psia 

^5 


h 4 =h f +x A h fg = 298.5 1 + (0.9374)(888. 99) = 113 1.9 Btu/lbm 

h 5 =1329.4 Btu/lbm 
Sc = 1.7586 Btu/lbm -R 


x A = 


^6 ~ s f 1.7586-0.28362 


fg 


1.50391 


= 0.9808 


h 6 =h f +x 6 h fg =161.25 + (0.9808)(981.82) = 1124.2 Btu/lbm 


Thus, 

q m =(h 3 -h 2 ) + (h 5 -h 4 ) = 1289.9 - 1 63.07 + 1329.4 -1131.9 = 1 324.4 Btu/lbm 
q out =h 6 -h x =1124.2-161.25 = 962.9 Btu/lbm 
i+net = q m -q out = 1324.4-962.9 = 361.5 Btu/lbm 


The mass flow rate of steam in the cycle is determined from 


• . . W na 5000 kJ/s ( 0.94782 BtiO 

fV net = mw net > m = = 

w net 361.5 Btu/lbm v lkJ 


13.11 lbm/s 


The rates of heat addition and rejection are 

Q in =mq m = (13.1 1 lbm/s)( 1324.4 Btu/lbm) = 17,360 Btu/S 
e out = ^out = (13.11 lbm/s)(962.9 Btu/lbm) = 12,620 Btu/s 


and the thermal efficiency of the cycle is 


7th = 




5000 kJ/s f 0.94782 Btu 3 
17,360 Btu/s l 1 kJ , 


0.2729 


Discussion The thermal efficiency for 200 psia reheat pressure was determined in the previous problem to be 0.2790. Thus, 
operating the reheater at 1 00 psia causes a slight decrease in the thermal efficiency. 
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10-39 An ideal reheat Rankine with water as the working fluid is considered. The temperatures at the inlet of both turbines, 
and the thermal efficiency of the cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and 
potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4, A-5, and A-6), 

h\ = hf@ iokPa =191.81 kJ/kg 
‘'l = v f@ iokPa = 0.001010 m 3 /kg 


w. 


P,in 


= v 1 (p 2 -p 1 ) 

= (0.001010 m 3 /kg)(7000 - 10)kPa 
= 7.06 kJ/kg 


1 kJ 


1 kPa • m 

h 2 =h\ + w pin =191.81 + 7.06 = 198.87 kJ/kg 



P 4 = 800 kPa ' 
x 4 = 0.93 
P 3 = 7000 kPa ' 

s 3 = s 4 


h 4 = h f + x 4 h fg = 720.87 + (0.93)(2047.5) = 2625.0 kJ/kg 
s 4 = s f + x 4 s fg = 2.0457 + (0.93)(4.6160) = 6.3385 kJ/kg • K 

/? 3 =3085.5 kJ/kg 

T 3 =373.3°C 


P 6 = 10 kPa ' 
x 6 = 0.90 

P 5 = 800 kPa ' 

^5 = ^6 


h 6 =h f +x 6 h fg =191.81 + (0.93)(2392.1) = 2416.4 kJ/kg 
s 6 =s f + x 6 s fg = 0.6492 + (0.93X7.4996) = 7.6239 kJ/kg • K 

h 5 =3302.0 kJ/kg 

T s =416.2°C 


Thus, 

q m =(h 3 -h 2 ) + (h 5 -h 4 ) = 3085.5 -198.87 + 3302.0 -2625.0 = 3563.6 kJ/kg 
q out =h 6 -h x =2416.4 -191.81 = 2224.6 kJ/kg 


7 7 th = 1 - = 1 - 2224,6 = 0.3757 = 37.6% 

q [n 3563.6 
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10-40 A steam power plant that operates on an ideal reheat Rankine cycle between the specified pressure limits is 
considered. The pressure at which reheating takes place, the total rate of heat input in the boiler, and the thermal efficiency 
of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis {a) From the steam tables (Tables A-4, A-5, and A-6), 


K 

v i 


W 


P, in 



“^sat@10kPa — 191.81 kJ/kg 
= ‘'sat® 10 kPa =0.00101 m 3 /kg 
= ^{Pl-Pl) 

= (0.00101 m 3 /kg)(l5,000-10 kPa 
= 15.14 kJ/kg 
= h x +w pia =191.81 + 15.14 = 206.95 kJ/kg 


lkJ 


lkPa-m 3 


^3 

h 

P 6 

*6 

Ts 
s 5 


= 15 MPa I /? 3 =3310.8 kJ/kg 
= 500°C j .S' 3 = 6.3480 kJ/kg • K 


= 10kPaU 6 =h f +x 6 h fg = 191 . 81 + (0.90X2 392 . 1 ) 
= s 5 jT 6 =s f +X 6 s fg =0.6492 + (0.90X7.4996) 


= 500°C P 5 =2150kPa (the reheat pressure) 
= s 6 \h 5 = 3466.61 kJ/kg 



= 2344.7 kJ/kg 
= 7.3988 kJ/kg -K 


P 4 =2.15 MPa 

*^4 = 



= 2817.2 kJ/kg 


(b) The rate of heat supply is 

Qin =m[(h 3 -h 2 )+(h 5 -h 4 )\ 

= (l2 kg/sX3310. 8-206. 95 + 3466. 61-2817. 2)kJ/kg 

= 45,039 kW 


( c ) The thermal efficiency is determined from 

Qout = ~ h \)= ( 12 kJ/s)(2344.7 -191.8l)kJ/kg = 25,835 kJ/s 


Thus, 


=1 


Qo 

Qi 


= 1 


25,834 kJ/s 
45,039 kJ/s 


= 42.6% 
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10-41 A steam power plant that operates on a reheat Rankine cycle is considered. The condenser pressure, the net power 
output, and the thermal efficiency are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis {a) From the steam tables (Tables A-4, A-5, and A-6), 

h 3 = 3476.5 kJ/kg 
s 3 = 6.6317 kJ/kg - K 


P 3 = 12.5 MPa 
T 3 = 550°C 


P 4 = 2 MPa 


S 4s ~ s 3 
7!t = 


h 4s = 2948.1 kJ/kg 


h 3 - h 4 


h - Ks 

->/?4 = /! 3 -tl T (h 3 -h 4s ) 

= 3476.5 - (0.85)(3476.5 - 2948.1) 
= 3027.3 kJ/kg 


P 5 = 2 MPa 
T 5 = 450°C 

A = ? 


h 5 = 3358.2 kJ/kg 
s 5 =7.2815 kJ/kg K 


x 6 = 0.95 


*6= (Eq-1) 


^6=? 

*6 =^5. 

h^-h 

71t = 


\h 6s = (Eq. 2) 



*5 - Ks 


*h 6 = h 5 - ij T (h 5 - h 6 s ) = 3358.2 - (0.85)(3358.2 - h 6s ) (Eq. 3) 


The pressure at state 6 may be determined by a trial-error approach from the steam tables or by using EES from the above 
three equations: 


P 6 = 9.73 kPa, h 6 = 2463.3 kJ/kg, 


(b) Then, 


\ ~ 9 73 kPa - 189.57 kJ/kg 

V\ lOkPa =0.001010 m 3 /kg 


W 


..in = V\( P 2- P \) h lp 



= 0.00101 m7kg 112,500 -9.73 kPa 


lkJ 


1 kPa-m 3 


/(0.90) 


= 14.02 kJ/kg 
h 2 = \ + w pM = 189.57 + 14.02 = 203.59 kJ/kg 

Cycle analysis: 

q . m =(h 3 -h 2 )+(h 5 -h 4 )= 3476.5 -203.59 + 3358.2 -2463.3 = 3603.8 kJ/kg 
cj out = K ~ h i = 2463.3 - 189.57 = 2273.7 kJ/kg 

W net =m(q in -^ out ) = (7.7kg/s)(3603.8-2273.7)kJ/kg = 10,242kW 
( c ) The thermal efficiency is 

/7 th = 1 - = i _ 2273 - 7 _ kJ/k g = q 369 = 3 6 .9% 




in 


3603.8 kJ/kg 
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Regenerative Rankine Cycle 


10-34 


10-42C Moisture content remains the same, everything else decreases. 


10-43C This is a smart idea because we waste little work potential but we save a lot from the heat input. The extracted 
steam has little work potential left, and most of its energy would be part of the heat rejected anyway. Therefore, by 
regeneration, we utilize a considerable amount of heat by sacrificing little work output. 


10-44C In open feedwater heaters, the two fluids actually mix, but in closed feedwater heaters there is no mixing. 


10-45C Both cycles would have the same efficiency. 


10-46C To have the same thermal efficiency as the Carnot 
cycle, the cycle must receive and reject heat isothermally. 
Thus the liquid should be brought to the saturated liquid state 
at the boiler pressure isothermally, and the steam must be a 
saturated vapor at the turbine inlet. This will require an 
infinite number of heat exchangers (feedwater heaters), as 
shown on the T-s diagram. 
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10-47E Feedwater is heated by steam in a feedwater heater of a regenerative Rankine cycle. The ratio of the bleed steam 
mass flow rate to the inlet feedwater mass flow rate is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 

Properties From the steam tables (Tables A-4E through A-6E or EES), 

hi = hf@ j 10 °f = 78.02 Btu/lbm 

P 2 =20psia 

2 } h 2 =1167.2 Btu/lbm 

T 2 = 250°F 


h 3 = hf@ 225 °f = 193.32 Btu/lbm 

Analysis We take the mixing chamber as the system, which is a control volume since mass crosses the boundary. The mass 
and energy balances for this steady-flow system can be expressed in the rate form as 

Mass balance: 



m x h x + m 2 h 2 = hi 3 h 3 (since Q-W - Ake = Ape = 0) 
m x h x + m 2 h 2 = ( m x + m 2 )h 3 


Water 
20 psia 
225°F 


Solving for the bleed steam mass flow rate to the inlet feedwater mass flow rate, and substituting gives 

m 2 _ h x -h 3 _ (78.02- 193.32) kJ/kg 
m x ~ h 3 -h 2 ~ (193.32 - 1 167.2) kJ/kg ” 
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10-48 In a regenerative Rankine cycle, the closed feedwater heater with a pump as shown in the figure is arranged so that 
the water at state 5 is mixed with the water at state 2 to form a feedwater which is a saturated liquid. The amount of bleed 
steam required to heat 1 kg of feedwater is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 


Properties From the steam tables (Tables A-4 through A-6), 


P x = 7000 kPa 
T x = 260°C 

P 3 = 6000 kPa 
T 3 = 325°C 
P 6 = 7000 kPa 
*6 =° 


f - ^/@ 26 o°c “ 1134.8 kJ/kg 
h 3 = 2969.5 kJ/kg 

^ ^6 ~^/@7000kPa = 1267.5 kJ/kg 


Analysis We take the entire unit as the system, which is a 
control volume since mass crosses the boundary. The energy 
balance for this steady-flow system can be expressed in the rate 
form as 


Steam 



E m ~ E out 

v. J 

V 

Rate of net energy transfer 
by heat, work, and mass 


a 77 ^0 (steady) 

LAEj system 

y j 

v 

Rate of change in internal, kinetic, 
potential, etc. energies 




m x h x +m 3 h 3 +m 3 w Pin = rh 6 h 6 
m x h x +m 3 h 3 +^3^^ = (m x +m 3 )h 6 


Solving this for m 3 , 


m-> = m 


K - h \ 


(h 3 ~h 6 ) + w VM 


= (1 kg/s) 


1267.5-1134.8 
2969.5-1267.5 + 1.319 


0.0779 kg/s 


where 


w P,in “ ^4 ( E 5 E a)~ Vf @ 6000 kPa ( E 5 E 4 ) 

= (0.0013 19 m 3 /kg)(7000 - 6000) kPa 


lkPa 
lkPa • m 


1.3 19 kJ/kg 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without pennission. 



10-37 


10-49E An ideal regenerative Rankine cycle with an open feedwater heater is considered. The work produced by the 
turbine, the work consumed by the pumps, and the heat rejected in the condenser are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4E, A-5E, and A-6E), 


h \ = h f@ 5 P sia = 130.18 Btu/lbm 
= v f@ 5psia = 0.01641 ft 3 /lbm 


W PI,in ~ U 1 (^2 ^1 ) 

= (0.01641 ft 3 /lbm)(40-5)psia 
= 0.11 Btu/lbm 


1 Btu 


5.404 psia-ft 


h 2 =h x +w plin =130.18 + 0.11 = 130.29 Btu/lbm 


= h f@ 40psia =236.14 Btu/lbm 
=t/ /@ 40psia = 0.01715 ft 3 /lbm 


w PII,in “ V 3 (A A ) 

= (0.01715 ft 3 /lbm)(500-40)psia 

= 1 .46 Btu/lbm 

h 4 = h 3 +w pIIin 



1 Btu 


5.404 psia-ft 
= 236. 14 + 1 .46 = 237.60 Btu/lbm 


P 5 =500 psia 
T 5 = 600°F 

P 6 = 40 psia 
■S 6 =*5 

P 1 =5 psia 


h 5 =1298.6 Btu/lbm 
s 5 = 1.5590 Btu/lbm- R 


^6 s f 1.5590-0.39213 


*6 = 


= 0.9085 


fg 


s 7 =s. 


1.28448 

h 6 = h f +x 6 h fg =236.14 + (0.9085)(933.69) = 1084.4 Btu/lbm 
^4 -s f 1.5590-0.23488 


x 7 = 


= 0.8230 


fg 


1.60894 

h 7 =h f +x 7 h fg =130.18 + (0.8230)(1000.5) = 953.63 Btu/lbm 

The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater heater. 
Noting that Q = W = A ke = Ape = 0 , 

P -p - AF (steady) _q 

— l±£L, system 


out 

iL = E 


in 


out 




> m 6 h 6 +m 2 h 2 = m 2 h 2 > yh 6 +(l-y)h 2 =1 h 3 

where y is the fraction of steam extracted from the turbine ( = m 6 / m 3 ). Solving for y. 


h, -ho 236.14-130.29 


y = 


h 6 — h 2 


1084.4-130.29 


= 0.1109 


Then, 


w 


T out =h 5 - h 6 + (1 - y)(h 6 -h 7 ) = 1298.6 - 1084.4 + (1 - 0. 1 109)(1084.4 - 953.63) = 330.5 Btu/lbm 


Wp,in = Wpyn + W PIIJI1 = 0. 1 1 + 1 .46 = 1 .57 Btu/lbm 


Also, 


q out = (1 - y)(h 7 -Aj) = (1-0.1 109)(953.63 -130.18) = 732.1 Btu/lbm 

q m =h 5 -h 4 =1298.6-237.60 = 1061 Btu/lbm 

732.1 


>7th =!-— = ! 




in 


1061 


= 0.3100 
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10-50E An ideal regenerative Rankine cycle with an open feedwater heater is considered. The change in thermal efficiency 
when the steam supplied to the open feedwater heater is at 60 psia rather than 40 psia is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4E, A-5E, and A-6E), 

= 130.18 Btu/lbm 


(/i = 0.01641 ft 3 /lbm 


1 Btu 


hf@ 5 psia 
’1 — v ’/@ 5 psia 

w PI,in = V 1 +2 _ ^1 ) , 

= (0.01641 ft Vlbm)(60 -5)psia 

l 5.404 psia • ft 
= 0.1 7 Btu/lbm v 

h 2 =h l +w pM =130.18 + 0.17 = 130.35 Btu/lbm 

*3 =/ V@60ps,a = 262.20 Btu/lbm 
v 3 = v f® 60psia = 0.01738 ft 3 /lbm 


w PII,in “ V 3 +4 " ^3 ) 

= (0.01738ft 3 /lbm)(500-60)psia 
= 1 .42 Btu/lbm 



1 Btu 


5.404 psia - ft 


h 4 =h 3 +w pin =262.20 + 1.42 = 263.62 Btu/lbm 


P 5 =500 psia 
T 5 = 600°F 

P 6 =60 psia 

* 6=^5 

P 1 =5 psia 


h 5 =1298.6 Btu/lbm 
s $ = 1.5590 Btu/lbm- R 


Sa -S 


X 6 = 


/ 1.5590-0.42728 


= 0.9300 


fg 


s 7 =s. 


1.21697 

h 6 =h f +x 6 h fg = 262.20 + (0.9300)(915.61) = 1 1 13.7 Btu/lbm 
^4 -s f 1.5590-0.23488 


x i = 


= 0.8230 


fg 


1.60894 

h 7 = h f +x 1 h fg =130.18 + (0.8230)(1000.5) = 953.63 Btu/lbm 

The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater heater. 
Noting that Q = W = Ake = Ape = 0 , 

= A^ ste / 0(steady) =0 


out 

E ; „ = E 


in 


out 




-> m 6 h 6 + m 2 h 2 = kn 3 h 3 


■» yh 6 +( l -y) h 2 =+t 


where y is the fraction of steam extracted from the turbine ( = m 6 / m 3 ). Solving for y. 


y = 


^3 ^2 

h 6 -h 2 


262.20-130.35 

1113.7-130.35 


0.1341 


Then, 

q m =h 5 -h 4 =1298.6 -263.62 = 1035 Btu/lbm 
q out = (1 - y)(h 7 -h l ) = (l- 0. 1 34 1)(953.63 - 130. 18) = 713.0 Btu/lbm 


and tj th =1-+HL = i_Z1M = 0.3111 

q m 1035 


When the reheater pressure is increased from 40 psia to 60 psia, the thermal efficiency increases from 0.3100 to 0.3111, 
which is an increase of 0.35 % . 
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10-51E 



The optimum bleed pressure for the open feedwater heater that maximizes the thermal efficiency of the cycle 


is to be determined by EES. 

Analysis The EES program used to solve this problem as well as the solutions are given below. 


P[5]=500 [psia] 

T[5]=600 [F] 

P[6]=60 [psia] 

P[7]=5 [psia] 
x[3]=0 

"Analysis" 

Fluid$- steamjapws' 

"pump I" 

P[1]=P[7] 

x[1]=0 

h[1]=enthalpy(Fluid$, P=P[1], x=x[1]) 
v[1]=volume(Fluid$, P=P[1], x=x[1]) 

P[3]=P[6] 

P[2]=P[3] 

w_plJn=v[1]*(P[2]-P[1])*Convert(psia-ft A 3, Btu) 
h[2]=h[1]+w pljn 
"pump II" 

h[3]=enthalpy(Fluid$, P=P[3], x=x[3]) 
v[3]=volume(Fluid$, P=P[3], x=x[3]) 

P[4]=P[5] 

w pll_in=v[3]*(P[4]-P[3])*Convert(psia-ft A 3, Btu) 

h[4]=h[3]+w_pll in 

"turbine" 

h[5]=enthalpy(Fluid$, P=P[5], T=T[5]) 
s[5]=entropy(Fluid$, P=P[5], T=T[5]) 
s[6]=s[5] 

h[6]=enthalpy(Fluid$, P=P[6], s=s[6]) 
x[6]=quality(Fluid$, P=P[6], s=s[6]) 
s[7]=s[5] 

h[7]=enthalpy(Fluid$, P=P[7], s=s[7]) 
x[7]=quality(Fluid$, P=P[7], s=s[7]) 

"open feedwater heater" 

y *h [6] + ( 1 -y )* h [2] = h [3] "y = m_d ot_6/m_dot_3" 

"cycle" 

qjn=h[5]-h[4] 
q_out=(1 -y)*(h[7]-h[1 ]) 
w_net=q_in-q_out 
Eta_th=1-q_out/qJn 
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p 6 

[kPa] 

rjth 

10 

0.3011 

20 

0.3065 

30 

0.3088 

40 

0.3100 

50 

0.3107 

60 

0.3111 

70 

0.31126 

80 

0.31129 

90 

0.3112 

100 

0.3111 

110 

0.3109 

120 

0.3107 

130 

0.3104 

140 

0.3101 

150 

0.3098 

160 

0.3095 

170 

0.3091 

180 

0.3087 

190 

0.3084 

200 

0.3080 
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10-52 A steam power plant operates on an ideal regenerative Rankine cycle with two open feedwater heaters. The net 
power output of the power plant and the thermal efficiency of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis 




(a) From the steam tables (Tables A-4, A-5, and A-6), 

h\ - hf@ 5 kPa =137.75 kJ/kg 
‘'l = v f® 5kPa =0.001005 m 3 /kg 
w 


p i,in =V\ ( p 2 ~ p \) = (0.001005 m 3 /kgj(200-5 kPa 
h 2 = h x + w pI [n = 137.75 + 0.20 = 137.95 kJ/kg 


lkJ 


1 kPa -m 


= 0.20 kJ/kg 


P 3 = 0.2 MPa 
sat.liquid 


^3 - kf@ 0.2 MPa ~ 504.71 kJ/kg 
^3 ={/ f@ o.2 MPa =0.001061 m 3 /kg 


w 


pi I., 


>in = i / 3 (P 4 -P 3 )= (0.001061 m 3 /kgj(600 - 200 kPa 


lkJ 


= 0.42 kJ/kg 

h 4 = h 3 + w pIi;m = 504.71 + 0.42 = 505.13 kJ/kg 
^5 = ^/@ o.6 MPa = 670.38 kJ/kg 


lkPa-m 3 


P 5 = 0.6 MPa 
sat.liquid 


U 5 _</ /@0.6MPa -0.001101 m /kg 


w p iu M = v 5 (P 6 -P 5 )= (o.001101 m 3 /kg)(l0,000-600 kPa 
= 10.35 kJ/kg 

h 6 = h 5 + w pIII in = 670.38 + 10.35 = 680.73 kJ/kg 

h 7 =3625.8 kJ/kg 
s 7 =6.9045 kJ/kg -K 


lkJ 


1 kPa • m 


P 7 =10 MPa 
r 7 = 600°C 

ft = 0.6 MPa 


Sq — s 


7 


/z 8 =2821.8 kJ/kg 


ft = 0.2 MPa 


Sq = S- 


s 9 ~ s f 6.9045-1.5302 A n/CAO 
x 9 = = = 0.9602 


fg 


5.5968 


h g = h f +x 9 h fz =504.71 + (0.9602X2201.6) = 2618.7 kJ/kg 


fg 
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Pm = 5 kPa ] x m = 


No ~ s i 


S\o-s f _ 6.9045-0.4762 
s*. ~~ 7.9176 


= 0.81 19 


h l0 =h f +x l0 h fg = 137.75 + (0. 8 1 19)(2423.0) = 2105.0 kJ/kg 


The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater 
heaters. Noting that Q = W = Ake = Ape = 0 , 


FWH-2: 


f. -p — AF <^0 (steady) _ q 
^ in ^ out L * £j system u 


^in ^out 

]T"'A = ^ j m e h l 


m 8 /z 8 + m 4 h 4 = m 5 h 5 


yh 8 +(i -y)K =i {h 5 ) 


where y is the fraction of steam extracted from the turbine ( = m 8 / m 5 ). Solving for jp, 
, — — — - 6~0-38 505.13 _ (M) _ |33 


h & -h 4 2821.8-505.13 


FWH-1: 


X W V J ; =Yj ril ‘ h ‘ 


m 9 h 9 + m 2 h 2 =m 3 h 3 


zh 9 + (l - y - z)h 2 = (l - y)h 


where z is the fraction of steam extracted from the turbine ( = m 9 / m 5 ) at the second stage. Solving for z, 


Then, 


z = (1 _ ,) = 504.71- 137.95 (1 _ „ m 136)= 0 , 1373 

h 9 -h 2 2618.7 - 137.95 ’ 


q m = h 7 -h 6 = 3625.8-680.73 = 2945.0 kJ/kg 

c Jout = (l -y - z\h w - /z, ) = (l - 0.07133 - 0. 1373)(2105.0 - 137.75) = 1556.8 kJ/kg 
Wnei = q m -q out = 2945.0-1556.8 = 1388.2 kJ/kg 


W net = mw net = (22 kg/sXl 388.2 kJ/kg) = 30,540 kW = 30.5 MW 

( b ) The thermal efficiency is 

^ = 1 _ 1556.8 kJ/kg =47.i% 
q ia 2945.0 kJ/kg 
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10-53 An ideal regenerative Rankine cycle with a closed feedwater heater is considered. The work produced by the turbine, 
the work consumed by the pumps, and the heat added in the boiler are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4, A-5, and A-6), 

h\ ~ hf@ 20 kPa =251.42kJ/kg 
‘'l = ^ f (a), 20 kPa = 0.001017 m 3 /kg 


w 


p,in 


= v x {P 2 -P x ) 


lkJ 


lkPa-m 


= (0.001017 m /kg)(3000 - 20)kPa 
= 3.03 kJ/kg 
h 2 =h x + w pin = 25 1 .42 + 3 .03 = 254.45 kJ/kg 


P 4 = 3000 kPa 
T 4 = 350°C 
P 5 = 1000 kPa 

s 5 = s 4 

P 6 = 20 kPa 

S A = S A 


h 4 =31 16.1 kJ/kg 
s 4 = 6.7450 kJ/kg -K 

h 5 =285 1.9 kJ/kg 

6.7450-0.8320 



*6 = 


s 6~ s f 


7.0752 


= 0.8357 


s fg 

h 6 = h f +x 6 h fg =251.42 + (0.8357)(2357.5) = 2221.7 kJ/kg 


For an ideal closed feedwater heater, the feedwater is heated to the 
exit temperature of the extracted steam, which ideally leaves the 
heater as a saturated liquid at the extraction pressure. 


P 7 = lOOOkPa 

x 7 = 0 


h 7 =762.51 kJ/kg 
r, = 179. 9°C 


h s =h 7 =762.51 kJ/kg 


P 3 = 3000 kPa 

r 3 = r 7 = 209. 9°c J 


/i 3 = 763.53 kJ/kg 


An energy balance on the heat exchanger gives the fraction of 
steam extracted from the turbine ( = m 5 /m 4 )for closed 
feedwater heater: 


X ,h i h i 

m 5 h 5 +m 2 h 2 = m 3 h 3 +m 7 h 7 


Rearranging, 


y = 


yh 5 +lh 2 =1 h 3 +yh 7 


h 2 -h 2 _ 763.53-254.45 
h, -h-, ~ 2851.9-762.51 


= 0.2437 


Then, 


Also, 


Wj out = h 4 - h 5 + (1 - y)(h 5 - h 6 ) = 3 1 1 6. 1 - 285 1 .9 + (1 - 0.2437)(285 1.9-2221.7) = 740.9 kJ/kg 
w P in = 3.03 kJ/kg 

q . m =h 4 -h 3 =31 16.1 -763.53 = 2353 kJ/kg 

= 740.9-3.03 = 737.8 kJ/kg 


^net = - W p in 


W 


V th = 


net 


<h 


in 


737.8 

2353 


= 0.3136 
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10-54 



Problem 10-53 is reconsidered. The optimum bleed pressure for the open feedwater heater that maximizes the 


thermal efficiency of the cycle is to be determined by EES. 

Analysis The EES program used to solve this problem as well as the solutions are given below. 


"Given" 

P[4]=3000 [kPa] 

T[4]=350 [C] 

P[5]=600 [kPa] 

P[6]=20 [kPa] 

P[3]=P[4] 

P[2]=P[3] 

P[7]=P[5] 

P[1]=P[6] 

"Analysis" 

Fluid$='steamjapws' 

"pump I" 
x[1]=0 

h[1]=enthalpy(Fluid$, P=P[1], x=x[1]) 
v[1]=volume(Fluid$, P=P[1], x=x[1]) 
w_p_in=v[1 ]*(P[2]-P[1 ]) 
h[2]=h[1]+w_p_in 

"turbine" 

h[4]=enthalpy(Fluid$, P=P[4], T=T[4]) 
s[4]=entropy(Fluid$, P=P[4], T=T[4]) 
s[5]=s[4] 

h[5]=enthalpy(Fluid$, P=P[5], s=s[5]) 
T[5]=temperature(Fluid$, P=P[5], s=s[5]) 
x[5]=quality(Fluid$, P=P[5], s=s[5]) 
s[6]=s[4] 

h[6]=enthalpy(Fluid$, P=P[6], s=s[6]) 
x[6]=quality(Fluid$, P=P[6], s=s[6]) 

"closed feedwater heater" 
x[7]=0 

h[7]=enthalpy(Fluid$, P=P[7], x=x[7]) 
T[7]=temperature(Fluid$, P=P[7], x=x[7]) 
T[3]=T[7] 

h[3]=enthalpy(Fluid$, P=P[3], T=T[3]) 
y=(h[3]-h[2])/(h[5]-h[7]) "y=m_dot_5/m_dot_4" 

"cycle" 

qjn=h[4]-h[3] 

w_T_out=h[4]-h[5]+(1-y)*(h[5]-h[6]) 
w net=w_T_out-w_p_in 
Eta_th=w_net/q_in 
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p 6 

[kPa] 

T|th 

100 

0.32380 

110 

0.32424 

120 

0.32460 

130 

0.32490 

140 

0.32514 

150 

0.32534 

160 

0.32550 

170 

0.32563 

180 

0.32573 

190 

0.32580 

200 

0.32585 

210 

0.32588 

220 

0.32590 

230 

0.32589 

240 

0.32588 

250 

0.32585 

260 

0.32581 

270 

0.32576 

280 

0.32570 

290 

0.32563 



Bleed pressure [kPa] 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without pennission. 




10-46 


10-55 A regenerative Rankine cycle with a closed feedwater heater is considered. The thermal efficiency is to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4, A-5, and A-6 or EES), 

h\ - ^/@ 20 kPa ~ 25 1 .42 kJ/kg 


v i ={/ f@ 20kPa = 0.001017 m 3 /kg 

w p,in =V\(Pl- P \) 

= (0.001017 m 3 /kg)(3000-20)kPa 
= 3.03 kJ/kg 
h 2 =h l +w pin =251. 42 + 3. 03 = 254.45 kJ/kg 


lkJ 


1 kPa • m 3 


P 4 = 3000 kPa 


h 4 = 

T 4 = 350°C 


*4 = 

P 5 = lOOOkPa 

■ A : 

, 3- 

11 

<0 

- 


P 6 = 20 kPa ] 


*6. = - 


S 6s = s 4 J 


II 

^sO 


s 6s ~ s f 6.7450-0.8320 


s fg 

'f +x 6shf g 


7.0752 


= 0.8357 



h A —h. 


7 t = 


77t = 


*4 ~K 
h 4 -h 6 


->*5 = *4 -/7t(A 4 -A 5s ) = 3116.1- (0.90)(3 1 1 6. 1 - 285 1 .9) = 2878.3 kJ/kg 


>h b =h 4 - 77 X (* 4 -/7 6s ) = 31 16.1 -(0.90)(31 16.1-2221.7) = 231 1.1 kJ/kg 


/? 4 - h 6s 

For an ideal closed feedwater heater, the feedwater is heated to 
the exit temperature of the extracted steam, which ideally leaves 
the heater as a saturated liquid at the extraction pressure. 


P 1 = lOOOkPa 

x 7 = 0 

Px = 3000 kPa 


h 7 = 762.51 kJ/kg 
T n - 179. 9°C 


T 3 = T 7 = 209. 9°C 


h 3 =763.53 kJ/kg 


An energy balance on the heat exchanger gives the fraction of 
steam extracted from the turbine ( = m 5 /m 4 )for closed 
feedwater heater: 

m 5 h 5 + m 2 h 2 = m 3 h 3 J rin 1 h 1 
yh 5 + \h 2 =1 h 3 +yh 1 

Rearranging, 


y = 


h 3 -h 2 _ 763.53-254.45 
h, -hn ~ 2878.3-762.51 


= 0.2406 


Then, 


Also, 


Wj out = h 4 - h 5 + (1 - y)(h 5 - h 6 ) = 3 1 1 6. 1 - 2878.3 + (1 - 0.2406)(2878.3 -231 1.1) = 668.5 kJ/kg 
w Pin =3.03 kJ/kg 

q. n = h 4 -h 3 =3116.1-763.53 = 2353 kJ/kg 
w net - Wt out _ w p,i n = 668.5 - 3.03 = 665.5 kJ/kg 

77 th = = 0.2829 = 28 . 3 % 





in 


2353 
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10-56 A regenerative Rankine cycle with a closed feedwater heater is considered. The thermal efficiency is to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From the steam tables (Tables A-4, A-5, and A-6 or EES), 




When the liquid enters the pump 10°C cooler than a saturated liquid at the condenser pressure, the enthalpies become 


P x = 20 kPa 

T\ = Tat@,20kPa - 10 - 60.06-10 = 50°C 


h\ — h f@ 50 °c _ 209.34 kJ/kg 


u \ - Vf@ 5 o°c -0.001012m /kg 


w, 


),in “ U \ (^2 ^1 ) 

= (0.00 1 0 1 2 m 3 /kg)(3 000 - 20)kPa 
- 3.02 kJ/kg 


lkJ 


lkPa-m 3 


h 2 =h { +w pM = 209.34 + 3.02 = 212.36 kJ/kg 


P 4 = 3000 kPa 
T 4 = 350°C 
P 5 = lOOOkPa 

S 5s = *^4 


P. = 20 kPa 


S 6s ~ S 4 


h 4 =31 16.1 kJ/kg 
s 4 = 6.7450 kJ/kg -K 

h 5s =285 1.9 kJ/kg 

^ 6s ~ s f 6.7450-0.8320 


^ 6s 


fg 


7.0752 


= 0.8357 


h 6s =h f +x 6s h fg = 251.42 + (0.8357)(2357.5) = 2221.7 kJ/kg 


= 


h 4 — h 5 


h 4 -h 5s 


+ h 5 = h 4 - ti t (h 4 - h 5s ) = 3 1 1 6. 1 - (0.90)(3 1 1 6. 1 - 285 1 .9) = 2878.3 kJ/kg 


= 


h 4 -h 6 


h A -h 


6s 


■>h 6 = h 4 -rj T (h 4 -h 6s ) = 3116.1 — (0.90)(3 1 1 6. 1 — 222 1.7) = 231 1.1 kJ/kg 


For an ideal closed feedwater heater, the feedwater is heated to the exit temperature of the extracted steam, which ideally 
leaves the heater as a saturated liquid at the extraction pressure. 


P 7 = lOOOkPa 

Xj = 0 

P 3 = 3000 kPa 


h 7 =762.51 kJ/kg 
T n - 179. 9°C 


T 3 = T 7 = 209.9°C 


h 3 = 763.53 kJ/kg 
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An energy balance on the heat exchanger gives the fraction of steam extracted from the turbine ( = m 5 / m 4 ) for closed 
feedwater heater: 

X m ‘ h ‘ = ^J ,h e h e 
m 5 h 5 + m 2 h 2 -m 2 h 2 + m 7 h 7 
yh 5 + \h 2 =1A 3 +yh 7 

Rearranging, 

6^, 763.53-212.36 
h 5 -h 7 2878.3-762.51 

Then, 

w T?0Ut = K - h 5 + (1 - y){h 5 - h 6 ) = 3 1 1 6. 1 - 2878.3 + (1 - 0.2605)(2878.3 - 23 1 1 . 1) = 657.2 kJ/kg 
w Pin =3.03 kJ/kg 

q m = h 4 -h 3 =3116.1-763.53 = 2353 kJ/kg 

Also, 

Wnet = ^T.out “ w ’p,in = 657.2 -3.03 = 654.2 kJ/kg 


n th 


W 


net 


<7i 


in 


654.2 

2353 


0.2781 
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10-57 

power plant. 


The effect of pressure drop and non-isentropic turbine on the rate of heat input is to be determined for a given 


Analysis The EES program used to solve this problem as well as the solutions are given below. 


"Given" 

P[3]=3000 [kPa] 

DELTAP_boiler=1 0 [kPa] 

P[4]=P[3]-DELTAP boiler 
T[4]=350 [C] 

P[5]=1000 [kPa] 

P[6]=20 [kPa] 
eta_T=0.90 

P[2]=P[3] 

P[7]=P[5] 

P[1]=P[6] 

"Analysis" 

Fluid$='steam_iapws' 

"(a)" 

"pump I" 
x[1]=0 

h[1]=enthalpy(Fluid$, P=P[1], x=x[1]) 
v[1]=volume(Fluid$, P=P[1], x=x[1]) 
w_p_in=v[1 ]*(P[2]-P[1 ]) 
h[2]=h[1]+w_p_in 
"turbine" 

h[4]=enthalpy(Fluid$, P=P[4], T=T[4]) 
s[4]=entropy(Fluid$, P=P[4], T=T[4]) 
s[5]=s[4] 

h_s[5]=enthalpy(Fluid$, P=P[5], s=s[5]) 
T[5]=temperature(Fluid$, P=P[5], s=s[5]) 
x__s[5]=quality(Fluid$, P=P[5], s=s[5]) 
s[6]=s[4] 

h_s[6]=enthalpy(Fluid$, P=P[6], s=s[6]) 
x_s[6]=quality(Fluid$, P=P[6], s=s[6]) 

h[5]=h[4]-eta_T*(h[4]-h_s[5]) 
h[6]=h[4]-eta_T*(h[4]-h_s[6]) 
x[5]=quality(Fluid$, P=P[5], h=h[5]) 
x[6]=quality(Fluid$, P=P[6], h=h[6]) 

"closed feedwater heater" 
x[7]=0 

h[7]=enthalpy(Fluid$, P=P[7], x=x[7]) 
T[7]=temperature(Fluid$, P=P[7], x=x[7]) 
T[3]=T[7] 

h[3]=enthalpy(Fluid$, P=P[3], T=T[3]) 
y=(h[3]-h[2])/(h[5]-h[7]) "y=m_dot_5/m_dot_4" 

"cycle" 

qjn=h[4]-h[3] 

w_T_out=h[4]-h[5]+(1-y)*(h[5]-h[6]) 

w_net=w_T_out-w_p_in 

Eta_th=w_net/q_in 
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Solution with 10 kPa pressure drop in the boiler: 


DELTAP_boiler= 1 0 [kPa] 
Eta_th=0.2827 
P[3]=3000 [kPa] 
q_in=2352.8 [kj/kg] 
w_p_in=3.031 [m A 3-kPa/kg] 
y=0.2405 


etaT=0.9 

Fluid$— steamiapws' 
P[4]=2990 [kPa] 
w_net=665.1 [kJ/kg] 
w_T_out=668.1 [kJ/kg] 


10-50 


Solution without any pressure drop in the boiler: 


DELTAP_boiler=0 [kPa] 
Eta_th=0.3136 
P[3]=3000 [kPa] 
q_in=2352.5 [kj/kg] 
w _p_in=3.031 [m A 3-kPa/kg] 
y=0.2437 


eta_T=l 

FluidS- steam_iapws' 
P[4]=3000 [kPa] 
w_net=737.8 [kJ/kg] 
w_T_out=740.9 [kJ/kg] 
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10-58 A steam power plant operates on an ideal regenerative Rankine cycle with two feedwater heaters, one closed 
and one open. The mass flow rate of steam through the boiler for a net power output of 400 MW and the thermal efficiency 
of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic 
and potential energy changes are negligible. 


Analysis {a) From the steam tables (Tables A-4, A-5, and 
A-6), 

\ ~ hf@ 10 kPa =191.81 kJ/kg 

3 


W 


v i = v /@iokPa =0.00101 nr /kg 

p/,in = U \ (^2 _ ^1 ) 


600-10 kPa 


= 0.00101 m 



lkJ 


1 kPa • m 


= 0.60 kJ/kg 
h 2 =h l + w pl [n =191.81 + 0.60 = 192.40 kJ/kg 


P 3 = 0.6 MPa 
sat. liquid 


^3 _ hf@ o.3 MPa ~ 670.38 kJ/kg 
^3 “ V f(a), 0.3 MPa =0.001101 m 3 /kg 


w 


pll 


,in “ (^4 ^3 ) 


lkJ 


= (o.OOl 101 m 3 /kgVl0000 - 600 kPa 
v 7 llkPa-m 3 

= 10.35 kJ/kg v 

h 4 = h 3 + w pII in = 670.38 + 10.35 = 680.73 kJ/kg 


P 6 =1.2 MPa 


^6 ~h 7 - hj-Q j 2 MPa _ 798.33 kJ/kg 


^6 - 1.2 MPa _ 1 88.0°C 


sat. liquid 

T 6 = T 5 , P 5 = 10 MPa -> /z 5 = 798.33 kJ/kg 


P 8 =10 MPa 
r 8 =600°C 
P 9 =1.2 MPa 

Sq — So 


h s = 3625.8 kJ/kg 
s 8 = 6.9045 kJ/kg • K 

h 9 = 2974.5 kJ/kg 




P 10 = 0.6 MPa 


No _ N 


P n = 1 0 kPa 
Nl = N 


h l0 = 2820.9 kJ/kg 


s n s f 6.9045-0.6492 


*11 = 


'fg 


7.4996 


= 0.8341 


h n =h f +x u h fe = 191.81 + (0.834lX2392.l)= 2187.0 kJ/kg 


fg 


The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater 
heaters. Noting that Q = W = Ake = Ape = 0 , 

P _p _A P +0 (steady) _ Q 
^ out system u 


in 


^in ^out 


X m ‘ h > = X A > '"9 ( k 9 ~h)= m 5 ( h 5 - h 4 ) > y( h 9 ~ K ) = i h 5 ~ h 4 ) 

where y is the fraction of steam extracted from the turbine ( = m l0 / m 5 ). Solving for y. 


y = 


K ~h, 798.33-680.73 


h 9 -h 6 


2974.5-798.33 


= 0.05404 
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For the open FWH, 

p _ p _a p <^0 (steady) _q 
—AA-C system -u 


'in -^out 

iL =E 


in 


out 


X ™ A = X A > rit'jh'j + m 2 h 2 + m w h m = m 3 h 3 > yh 7 + (l - y - z)^ 2 + zh U) = (l)/7 3 

where z is the fraction of steam extracted from the turbine ( = m 9 / m 5 ) at the second stage. Solving for z, 


z = 


_ {h 3 -h 2 )~ y(h 7 -h 2 )_ 670.38 - 192.40 - (0.05404)(798.33 - 192.40) _ 


h \ o ^2 


2820.9-192.40 


= 0.1694 


Then, 


q. n =h s -h 5 = 3625.8 - 798.33 = 2827 kJ/kg 

9out =(l-^-z)(/7 11 -/jj)= (1-0.05404 - 0.1694 )(2187.0- 191.8l)= 1549 kJ/kg 
w net - <7i„ ~ <7out = 2827 - 1549 = 1278 kJ/kg 


and 


W net 400,000 kJ/s , 

m = — ! ^- = = 313.0 kg/s 


w 


net 


1278 kJ/kg 


(b) 


q = 1549kJ/kg = 0.452 = 45.2% 




in 


2827 kJ/kg 
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10-59 



Problem 10-58 is reconsidered. The effects of turbine and pump efficiencies on the mass flow rate and 


thermal efficiency are to be investigated. Also, the T-s diagram is to be plotted. 
Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

P[8] = 10000 [kPa] 

T[8] = 600 [C] 

P[9] = 1200 [kPa] 

P_cfwh=600 [kPa] 

P[1 0] = P_cfwh 
P_cond=10 [kPa] 

P[1 1] = P_cond 

W_dot_net=400 [MW]*Convert(MW, kW) 

Eta_turb= 100/100 "Turbine isentropic efficiency" 

Eta_turb_hp = Eta_turb "Turbine isentropic efficiency for high pressure stages" 

Eta_turb_ip = Eta_turb "Turbine isentropic efficiency for intermediate pressure stages" 
Eta_turb_lp = Eta_turb "Turbine isentropic efficiency for low pressure stages" 

Eta_pump = 100/100 "Pump isentropic efficiency" 

"Condenser exit pump or Pump 1 analysis" 

Fluid$='Steam_IAPWS' 

P[1] = P[11] 

P[2]=P[10] 

h[1]=enthalpy(Fluid$,P=P[1],x=0) {Sat'd liquid} 

v1=volume(Fluid$,P=P[1],x=0) 

s[1]=entropy(Fluid$,P=P[1],x=0) 

T[1]=temperature(Fluid$,P=P[1],x=0) 

w_pump1_s=v1*(P[2]-P[1]) ! 'SSSF isentropic pump work assuming constant specific volume" 
w_pump1=w_pump1_s/Eta_pump "Definition of pump efficiency" 
h[1]+w_pump1= h[2] "Steady-flow conservation of energy" 
s[2]=entropy(Fluid$,P=P[2],h=h[2]) 

T[2]=temperatu re(Flu id$, P= P[2], h=h[2]) 

"Open Feedwater Heater analysis" 

z*h[10] + y*h[7] + (1-y-z)*h[2] = 1*h[3] "Steady-flow conservation of energy" 
h[3]=enthalpy(Fluid$,P=P[3],x=0) 

T[3]=temperature(Fluid$,P=P[3],x=0) "Condensate leaves heater as sat. liquid at P[3]" 
s[3]=entropy(Fluid$,P=P[3],x=0) 

"Boiler condensate pump or Pump 2 analysis" 

P[5]=P[8] 

P[4] = P[5] 

P[3]=P[10] 

v3=volume(Fluid$,P=P[3],x=0) 

w_pump2_s=v3*(P[4]-P[3]) 'SSSF isentropic pump work assuming constant specific volume" 
w_pump2=w_pump2_s/Eta_pump "Definition of pump efficiency" 
h[3]+w_pump2= h[4] "Steady-flow conservation of energy" 
s[4]=entropy(Fluid$,P=P[4],h=h[4]) 

T[4]=temperature(Fluid$,P=P[4],h=h[4]) 

"Closed Feedwater Heater analysis" 

P[6]=P[9] 

y*h[9] + 1*h[4] = 1*h[5] + y*h[6] 'Steady-flow conservation of energy" 
h[5]=enthalpy(Fluid$,P=P[6],x=0) ”h[5] = h(T[5], P[5]) where T[5]=Tsat at P[9]" 
T[5]=temperature(Fluid$,P=P[5],h=h[5]) "Condensate leaves heater as sat. liquid at P[6]" 
s[5]=entropy(Fluid$,P=P[6],h=h[5]) 
h[6]=enthalpy(Fluid$,P=P[6],x=0) 

T[6]=temperature(Fluid$,P=P[6],x=0) "Condensate leaves heater as sat. liquid at P[6]" 
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s[6]=entropy(Fluid$,P=P[6],x=0) 
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"Trap analysis" 

P[7] = P[10] 

y*h[6] = y*h[7] "Steady-flow conservation of energy for the trap operating as a throttle" 

T[7]=temperature(Fluid$,P=P[7],h=h[7]) 

s[7]=entropy(Fluid$,P=P[7],h=h[7]) 

"Boiler analysis" 

qjn + h[5]=h[8]"SSSF conservation of energy for the Boiler" 
h[8]=enthalpy(Fluid$, T=T[8], P=P[8]) 
s[8]=entropy(Fluid$, T=T[8], P=P[8]) 

"Turbine analysis" 
ss[9]=s[8] 

hs[9]=enthalpy(Fluid$,s=ss[9],P=P[9]) 

Ts[9]=temperature(Fluid$,s=ss[9],P=P[9]) 

h[9]=h[8]-Eta_turb_hp*(h[8]-hs[9]) Definition of turbine efficiency for high pressure stages" 

T[9]=temperature(Fluid$,P=P[9],h=h[9]) 

s[9]=entropy(Fluid$,P=P[9],h=h[9]) 

ss[10]=s[8] 

hs[1 0]=enthalpy(Fluid$,s=ss[1 0],P=P[1 0]) 

Ts[1 0]=temperature(Fluid$,s=ss[1 0],P=P[1 0]) 

h[1 0]=h[9]-Eta_turb_ip*(h[9]-hs[1 0]) Definition of turbine efficiency for Intermediate pressure stages" 
T[10]=temperature(Fluid$,P=P[10],h=h[1 0]) 
s[1 0]=entropy(Fluid$,P=P[1 0],h=h[1 0]) 
ss[1 1]=s[8] 

hs[1 1 ]=enthalpy(Fluid$,s=ss[1 1 ],P=P[1 1 ]) 

Ts[1 1 ]=temperature(Fluid$,s=ss[1 1 ],P=P[1 1 ]) 

h[1 1 ]=h[1 0]-Eta_turb_lp*(h[1 0]-hs[1 1 ])"Definition of turbine efficiency for low pressure stages" 

T[1 1 ]=temperature(Fluid$,P=P[1 1 ],h=h[1 1 ]) 
s[1 1 ]=entropy(Fluid$,P=P[1 1 ],h=h[1 1 ]) 

h[8] =y*h[9] + z*h[1 0] + (1 -y-z)*h[1 1 ] + w_turb 'SSSF conservation of energy for turbine" 

"Condenser analysis" 

(1 -y-z)*h[1 1 ]=q_out+(1 -y-z)*h[1 ] SSSF First Law for the Condenser" 

"Cycle Statistics" 

w_net=w_turb - ((1-y-z)*w_pump1+ w_pump2) 

Eta_th=w_net/q_in 
W_dot_net = m_dot * w_net 


Hturb 

nth 

m [kg/s] 

0.7 

0.3834 

369 

0.75 

0.397 

356.3 

0.8 

0.4096 

345.4 

0.85 

0.4212 

335.8 

0.9 

0.4321 

327.4 

0.95 

0.4423 

319.8 

1 

0.452 

313 


Hpump 

nth 

m [kg/sl 

0.7 

0.4509 

313.8 

0.75 

0.4511 

313.6 

0.8 

0.4513 

313.4 

0.85 

0.4515 

313.3 

0.9 

0.4517 

313.2 

0.95 

0.4519 

313.1 

1 

0.452 

313 
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Pcfwh [kPa] 

y 

Z 

100 

0.1702 

0.05289 

200 

0.1301 

0.09634 

300 

0.1041 

0.1226 

400 

0.08421 

0.1418 

500 

0.06794 

0.1569 

600 

0.05404 

0.1694 

700 

0.04182 

0.1801 

800 

0.03088 

0.1895 

900 

0.02094 

0.1979 

1000 

0.01179 

0.2054 
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rith m [kg/s] 
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murb 



313.8 
313.7 
313.6 
313.5 
313.4 
313.3 
313.2 
313.1 
313 

312.9 



Tlpump 



22 

2 

18 

16 

14 

12 

1 

08 

06 

04 


N 


Pcfwh [kPa] 
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10-60 A steam power plant that operates on an ideal regenerative Rankine cycle with a closed feedwater heater is 
considered. The temperature of the steam at the inlet of the closed feedwater heater, the mass flow rate of the steam 
extracted from the turbine for the closed feedwater heater, the net power output, and the thermal efficiency are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis {a) From the steam tables (Tables A-4, A-5, and A-6), 


K - h/@ 20 kPa - 25 1 .42 kJ/kg 
v i =l/ /@20kPa =0.001017 m 3 /kg 
>V,in =v x {p 2 -P\)l rip 

= (0.001017 m 3 /kg)(8000-20 kPa)-^-C 
= 9.22 kJ/kg 
h 2 = /?! + w pIM 
= 251.42 + 9.223 
= 260.65 kJ/kg 

P 3 = 1 MPa 1 h 3 = hf@ l MPa = 762.5 1 kJ/kg 
sat. liquid j t/ 3 = v f@ l MPa = 0.001 127 m 3 /kg 



w pII . in = v 3 (P n 1 P 

= (0.001127 m 3 /kg)(8000 - 1000 kPa)/0.88 
= 8.97 kJ/kg 

h n =h 3 + w pfIm = 762.51 + 8.97 = 771.48 kJ/kg 

Also, h 4 = h\o = h\ \ = 771.48 kJ/kg since the two fluid streams which are being mixed have the same enthalpy. 


P 5 = 8 MPa 
T 5 = 500°C 

P 6 = 3 MPa 
^6 


h 5 =3399.5 kJ/kg 
's 5 =6.7266 kJ/kg -K 

>h 6s =3104.7 kJ/kg 


tj t = 


^5 ~K 

h 5 ~ Ks 


P 1 =3MPaU 7 
r 7 = 500°c ]s 7 


P 8 = 1 MPa 

^8 =s 7 



>>16 = >15 -V T ( h 5-h 6s ) 

= 3399.5 - (0.88)(3399.5 - 3104.7) = 3140.1 kJ/kg 

= 3457.2 kJ/kg 
= 7.2359 kJ/kg -K 

= 3117.1 kJ/kg 


rir = 


hi 

hi ~ h Ss 


> h 


P% 


= 1 MPa 
= 3 157.9 kJ/kg 



-h 2 Vr{h i h Ss ) 

= 3457.2 - (0.88)(3457.2 - 31 17.l)= 3157.9 kJ/kg 

349.9°C 
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10-58 


P 9 = 20 kPa 


So =s- 


h 9s = 2385.2 kJ/kg 


71t = 


h 1 h 9 
h 7 ~h 9s 


-> h 9 - h 7 r/ T ( h 7 h 9s ) 

= 3457.2 - (0.88X3457.2 - 2385.2)= 2513.9 kJ/kg 


The fraction of steam extracted from the low pressure turbine for closed feedwater heater is determined from the steady- 
flow energy balance equation applied to the feedwater heater. Noting that Q=W = A ke = Ape = 0 , 

-h 2 )=y{lh ~h) 

(1 - >0(771.48 - 260.65) = >(3157.9 - 762.51) >> = 0.1758 

The corresponding mass flow rate is 

m 8 = ym 5 = (0. 1 758)(1 5 kg/s) = 2.637 kg/s 

(c) Then, 

q m =h 5 -h 4 +h 7 -h 6 = 3399.5 - 77 1 .48 + 3457.2 - 3 140. 1 = 2945.2 kJ/kg 
q mt = (l - y \h 9 - hi )= (l - 0.1758X2513.9 - 251.42) = 1864.8 kJ/kg 

and 

W M =m(q- m ~ q out ) = (1 5 kg/s)(2945.8 - 1 864.8)kJ/kg = 1 6,206 kW 
(b) The thermal efficiency is determined from 


n & = 1 - 


^out 


= 1 - 


<h 


in 


1864.8 kJ/kg 

2945.8 kJ/kg 


= 0.3668 = 36.7% 
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10-61 A Rankine steam cycle modified with two closed feedwater heaters is considered. The T-s diagram for the ideal cycle 
is to be sketched. The fraction of mass extracted for the closed feedwater heater z and the cooling water flow rate are to be 
determined. Also, the net power output and the thermal efficiency of the plant are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis ( b ) Using the data from the problem statement, the enthalpies at various states are 

K - hf @ 20 kPa - 25 1 kJ/kg 
v i = v f® 20 kPa =0.00102 m 3 /kg 


w 


Also, 


pi, in _ U \ (^2 ^1 ) 

= (0.00102 m 3 /kg)(5000 - 20 kPa 

= 5.1 kJ/kg 
h 2 = h x +w pIin =251 + 5.1 = 256.1 kJ/kg 

^3 = ^11 = hf@ 245 kPa =533 kJ/kg 
h X2 = h xx (throttle valve operation) 

^4 = h 9 = hj- @ 140 o kPa = 830 kJ/kg 


lkJ 


lkPa-m 3 


h xo =h 9 (throttle valve operation) 

An energy balance on the closed feedwater heater gives 
1 h 2 + zh 2 + yh l0 = 1 h 3 + (y + z)h x x 

where z is the fraction of steam extracted from the low-pressure turbine. Solving for z, 
(A 3 -h 2 ) + y(h u -h l0 ) (533 -256.1) + (0.1 153)(533-830) 



z = 


2918-533 


= 0.1017 


hi h n 

(c) An energy balance on the condenser gives 

m 8 /z 8 + rh w h wl + m n h n = m x h x + m w h w2 

™A h w2 ~ h w2) = ™zh +™ X2 h X2 ~m x h x 

Solving for the mass flow rate of cooling water, and substituting with correct units, 
m 5 [(! - y ~ Z )K + (y + z )^i2 “ lh \ ] 


m w = 


c AT 

^ pw ^ 1 w 


(50)[(1 - 0.1153 - 0.1017)(2477) + (0.1153 + 0.1017)(533) -l(25p 

(4.18)(10) 

= 2158 kg/s 

(d) The work output from the turbines is 

M; T,out = h 5 ~ yh -zh 7 -(l-y- z)h & 

= 3900 -(0.1153)(3406)-(0.1017)(2918)- (1-0.1153-0.1017)(2477) 
= 1271 kJ/kg 

The net work output from the cycle is 

Wnet = w T,out “ M ’p,in 

= 1271 -5.1 = 1265.9 kJ/kg 
The net power output is 

W ne t = mw na = (50 kg/s)(1265.9 kJ/kg) = 63,300 kW = 63.3 MW 
The rate of heat input in the boiler is 

Q m =m(h 5 —h 4 ) = (50kg/s)(3900 - 830) kJ/kg = 153,500 kW 
The thermal efficiency is then 


n th = 


w. 


63,300 kW 

Q. ' 153,500 kW 


= 0.412 = 41.2% 
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Second-Law Analysis of Vapor Power Cycles 
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10-62C In the simple ideal Rankine cycle, irreversibilities occur during heat addition and heat rejection processes in the 
boiler and the condenser, respectively, and both are due to temperature difference. Therefore, the irreversibilities can be 
decreased and thus the 2 nd law efficiency can be increased by minimizing the temperature differences during heat transfer in 
the boiler and the condenser. One way of doing that is regeneration. 


10-63E The exergy destructions associated with each of the processes of the Rankine cycle described in Prob. 10-17E are to 
be determined for the specified source and sink temperatures. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis From Problem 10-17E, 


=‘ s 2 =^/@ 3 P sia = 0.2009 Btu/lbm R 
s 3 = s 4 = 1 .64 1 3 Btu/lbm • R 
q m =h 3 -h 2 = 1456.0 — 111.81 = 1344.2 Btu/lbm 
q out =h 4 -h x = 975.24 - 109.40 = 865.8 Btu/lbm 


The exergy destruction during a process of a stream from an inlet 
state to exit state is given by 


x dest — V 


gen 


= Tn 


s e — S ( 


\ 

in | out 

T T 

M source sink y 



Application of this equation for each process of the cycle gives 


■^destroyed, 23 ^0 


■^destroyed, 41 ^0 


s 3 s 2 


q 


in 


source J 


Si -S A + 


T ; 

ffout 

T 

1 sink J 


= (500 R) 


1.6413-0.2009- 


1344.2 Btu/lbm 


1960 R 


377 Btu/lbm 


= (500 R) 


0.2009-1.6413 + 


865.8 Btu/lbm 
500 R 


= 146 Btu/lbm 


Processes 1-2 and 3-4 are isentropic, and thus 

•^destroyed, 12 — ® 

•^destroyed, 34 — ® 
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10-64 The exergy destruction associated with the heat rejection process in Prob. 10-21 is to be determined for the specified 
source and sink temperatures. The exergy of the steam at the boiler exit is also to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From Problem 1 0-2 1 , 

s \ = s 2 =s f @ lOkPa =0.6492 kJ/kg-K 
s 3 =s 4 = 6.8000 kJ/kg-K 
A 3 =3411.4 kJ/kg 
q out = 1961.8 kJ/kg 


The exergy destruction associated with the heat rejection process is 


•^destroyed, 41 ^0 


Si -S A + 


Vrai 


T 


R J 


= (290 k{ 0.6492 - 6.8000 + 196L8kJ/k g 
1 290 K 


= 178.0 kJ/kg 


The exergy of the steam at the boiler exit is simply the flow exergy, 

2 

V' 3 ={h 3 -h 0 )-T 0 (s 3 -s 0 )+^- +qz/° 

= (h 3 - h 0 )~ T 0 (s 3 -s 0 ) 

where 

h 0 = ^@(290 K, 100 kPa) - @ 290 K = 71.95 kJ/kg 

^0 = ^@(290 K, 100 kPa) - s f @ 290 K = 0.2533 kJ/kg • K 

Thus, 

\|/ 3 = (34 1 1.4 - 7 1.95) kJ/kg- (290 K)(6.800- 0.2532) kJ/kg-K = 1440.9 kJ/kg 
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10-65 The component of the ideal reheat Rankine cycle described in Prob. 10-33 with the largest exergy destruction is to be 
identified. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From Prob. 10-33, 

s \ =s 2 = s /@ iokPa = 0.6492 kJ/kg • K 
s 3 =s 4 = 6.5579 kJ/kg -K 
s 5 =s 6 = 8.0893 kJ/kg -K 
4in,2-3 =h 3 -h 2 =3273.3 -199.88 = 3073.4 kJ/kg 
q mA _ 5 = h 5 -h 4 =3485.4 -2636.4 = 848.1 kJ/kg 
<7 out =2373.1 kJ/kg 


The exergy destruction during a process of a stream from an 
inlet state to exit state is given by 



•^dest ^O^gen ^0 


s e -S t 


Q in ^ out 


T T 

1 source 1 sink J 


Application of this equation for each process of the cycle gives 


•^destroyed, 23 ^0 


•^destroyed, 45 ^0 


•^destroyed, 61 ^0 


S o -£• 


Sc ~S, 


Q in, 2-3 

T 

source 
*7 in, 4-5 


T 


= (283 K) 


= (283 K) 


6.5579-0.6492 


3073.4 kJ/kg 


8.0893-6.5579 


s \ ~ S 6 + 


source y 
\ 

*7 out 


^sink 2 


= (283 K) 


0.6492-8.0893 + 


883 K 

848.1 kJ/kg 
883 K 

2373.1 kJ/kg" 


= 687.1 kJ/kg 


283 K 


= 161 .6 kJ/kg 


= 267.6 kJ/kg 


Processes 1-2, 3-4, and 5-6 are isentropic, and thus, 

■^destroyed, 12 — ® 

■^destroyed, 34 — ® 

■^destroyed, 56 — ® 

The greatest exergy destruction occurs during heat addition process 2-3. 
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10-66 The exergy destructions associated with each of the processes of the reheat Rankine cycle described in Prob. 10-35 
are to be determined for the specified source and sink temperatures. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From Problem 10-35, 

s \ ~ s 2 = s /@ 20kPa ~ 0.8320 kJ/kg • K 
s 3 =s 4 = 6.5432 kJ/kg -K 
s 5 =s 6 =7.1292 kJ/kg -K 
q 2X in = 3178.3 - 257.50 = 2920.8 kJ/kg 
q 45 in = 3248.4 - 2901.0 = 347.3 kJ/kg 
q out = h 6~ h \ = 2349.7 - 251.42 = 2098.3 kJ/kg 


Processes 1-2, 3-4, and 5-6 are isentropic. Thus, i n = h 4 = h6 = 0. Also, 


■^destroyed, 23 ^0 


■^destroyed, 45 ^0 


■^destroyed, 61 ^0 


-^ 2 + 


R j 


^5 -^ 4 + 


s l ~ S 6 + 


Qr, 23 

T 

Qr, 45 

T 

j 

Qr, 61 


= (295 k{ 6.5432 - 0.8320 + 292(18 kJ/k § 1 = 1110 kJ/kg 

V \ 1500 K 


R j 
\ 


= (295 K)f 7. 1292 - 6.5432 + _ 347 - 3 kJ/k g 
v \ 1500 K 


= 104.6 kJ/kg 


T 


R 


= (295 k{ 0.8320 - 7. 1292 + 2098-3 kJ/k § ) = 2 40.6 kJ/kg 
V 1 295 K 
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10-67 



Problem 10-66 is reconsidered. The problem is to be solved by the diagram window data entry feature of EES 


by including the effects of the turbine and pump efficiencies. Also, the T-s diagram is to be plotted. 
Analysis The problem is solved using EES, and the solution is given below. 


function x6$(x6) "this function returns a string to indicate the state of steam at point 6" 
x6$=" 

if (x6>1) then x6$='(superheated)' 
if (x6<0) then x6$='(subcooled)' 
end 

"Input Data - from diagram window" 

{P[6] = 20 [kPa] 

P[3J = 6000 [kPa] 

T[3] = 400 [C] 

P[4] = 2000 [kPa] 

T[5] = 400 [C] 

Eta_t = 100/100 "Turbine isentropic efficiency" 

Eta_p = 100/100 "Pump isentropic efficiency"} 

"Data for the irreversibility calculations:" 

T o = 295 [K] 

T_R_L = 295 [K] 

T_R_H = 1 500 [K] 

"Pump analysis" 

Fluid$='Steam_IAPWS' 

P[1] = P[6] 

P[2]=P[3] 

x[1]=0 "Sat'd liquid" 
h[1 ]=enthalpy(Fluid$,P=P[1 ],x=x[1 ]) 
v[1 ]=volume(Fluid$,P=P[1 ],x=x[1 ]) 
s[1]=entropy(Fluid$,P=P[1],x=x[1]) 

T[1 ]=temperature(Fluid$,P=P[1 ],x=x[1 ]) 

W_p_s=v[1]*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume" 

W_p=W_p_s/Eta_p 

h[2]=h[1 ]+W_p "SSSF First Law for the pump" 

v[2]=volume(Fluid$,P=P[2],h=h[2]) 

s[2]=entropy(Fluid$,P=P[2],h=h[2]) 

T[2]=temperatu re(Fluid$, P= P[2], h=h[2]) 

"High Pressure Turbine analysis" 

h[3]=enthalpy(Fluid$,T=T[3],P=P[3]) 

s[3]=entropy(Fluid$,T=T[3],P=P[3]) 

v[3]=volume(Fluid$,T=T[3],P=P[3]) 

s_s[4]=s[3] 

hs[4]=enthalpy(Fluid$,s=s_s[4],P=P[4]) 

Ts[4]=temperature(Fluid$,s=s_s[4],P=P[4]) 

Eta_t=(h[3]-h[4])/(h[3]-hs[4])"Definition of turbine efficiency" 

T[4]=temperature(Fluid$,P=P[4],h=h[4]) 
s[4]=entropy( Flu id$,T=T[4] , P= P[4]) 
v[4]=volume(Fluid$,s=s[4],P=P[4]) 

h[3] =W_t_hp+h[4] 'SSSF First Law for the high pressure turbine" 

"Low Pressure Turbine analysis" 

P[5]=P[4] 

s[5]=entropy(Fluid$,T=T[5],P=P[5]) 

h[5]=enthalpy(Fluid$,T=T[5],P=P[5]) 

s_s[6]=s[5] 

hs[6]=enthalpy(Fluid$,s=s_s[6],P=P[6]) 

Ts[6]=temperature(Fluid$,s=s_s[6],P=P[6]) 

vs[6]=volume(Fluid$,s=s_s[6],P=P[6]) 

Eta_t=(h[5]-h[6])/(h[5]-hs[6])"Definition of turbine efficiency" 
h[5]=W_t_lp+h[6]"SSSF First Law for the low pressure turbine" 
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10-65 


x[6]=QUALITY(Fluid$,h=h[6],P=P[6]) 

"Boiler analysis" 

QJn + h[2]+h[4]=h[3]+h[5]"SSSF First Law for the Boiler" 

"Condenser analysis" 

h[6]=Q_out+h[1]"SSSF First Law for the Condenser" 
T[6]=temperature(Fluid$,h=h[6],P=P[6]) 
s[6]=entropy(Fluid$,h=h[6],P=P[6]) 
x6s$=x6$(x[6]) 

"Cycle Statistics" 

W_n et= W_t_h p+ W_t_l p- W_p 
Eff=W_net/Q_in 

"The irreversibilities (or exergy destruction) for each of the processes are:" 

q_R_23 = - (h[3] - h[2]) "Heat transfer for the high temperature reservoir to process 2-3" 

i 23 = T_o*(s[3] -s[2] + q_R_23/T_R_H) 

q_R_45 = - (h[5] - h[4]) "Heat transfer for the high temperature reservoir to process 4-5" 
i 45 = T_o*(s[5] -s[4] + q_R_45/T_R_H) 

q_R_61 = (h[6] - h[1 ]) "Heat transfer to the low temperature reservoir in process 6-1" 

i 61 = T_o*(s[1] -s[6] + q_R_61/T_R_L) 

i 34 = T_o*(s[4] -s[3]) 

i 56 = T_o*(s[6] -s[5]) 

i_1 2 = T_o*(s[2] -s[1]) 



SOLUTION 

Eff=0.358 

Eta_t=1 

i_1 2=0.007 [kJ/kg] 
i_34=-0.000 [kJ/kg] 
i_56=0.000 [kJ/kg] 
Q_in=3268 [kJ/kg] 
q_R_23=-2921 [kJ/kg] 
q_R_61=2098 [kJ/kg] 
T_R_H=1500 [K] 
W_net=1 170 [kJ/kg] 
W_p_s=6.083 [kJ/kg] 
W_t_lp=898.7 [kJ/kg] 


Eta_p=1 

Fluid$='Steam_IAPWS' 
i_23=1 110.378 [kJ/kg] 
i_45= 104.554 [kJ/kg] 
i_61 =240.601 [kJ/kg] 
Q_out=2098 [kJ/kg] 
q_R_45=-347.3 [kJ/kg] 
T_o=295 [K] 
T_R_L=295 [K] 

W _p=6.083 [kJ/kg] 
W_t_hp=277.2 [kJ/kg] 
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10-68E The component of the ideal regenerative Rankine cycle described in Prob. 10-49E with the largest exergy 
destruction is to be identified. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From Prob. 10-49E, 


Si =s 2 — s f @ 5 psia = 0.23488 Btu/lbmR 
5 3 = S 4 = s f @ 40 psia = 0.39213 Btu/lbm- R 
5- 5 = s 6 =s 7 = 1.5590 Btu/lbm- R 
q m =h 5 -h 4 =1298.6-237.6 = 1061 kJ/kg 
q out = 732. 1 Btu/lbm 
y = 0.1 109 


The exergy destruction during a process of a stream from an 
inlet state to exit state is given by 

r \ 


•^dest ^O^gen 


s e~ s i 


ffout 

T T 

J source x sink / 



Application of this equation for each process of the cycle gives 


■^destroyed, 45 ^0 


■^destroyed, 71 ^0 


s 5 s 4 


<h 


in 


■*i -s 7 + 


T t 

Q out 


= (520 R) 


1.5590-0.39213 


1061 Btu/lbm 


source J 
\ 


^sink J 


= (520 R) 


0.23488-1.5590 + 


1260 R 

732.1 Btu/lbm 
520 R 


= 168.9 Btu/lbm 


43.6 Btu/lbm 


For open feedwater heater, we have 


X destroyed, FWH - ^0 I s 3 3^6 0- y) S 2\ 

= (520 R)[o. 39213 -(0.11 09)(1 .5590) -(1-0.1 109)(0.23488)] 

= 5.4 Btu/lbm 


Processes 1-2, 3-4, 5-6, and 6-7 are isentropic, and thus 


•^destroyed, 12 ® 

•^destroyed, 34 — ® 


•^destroyed, 5 6 ® 

•^destroyed, 67 — ® 


The greatest exergy destruction occurs during heat addition process 4-5. 
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10-69 A single-flash geothermal power plant uses hot geothermal water at 230°C as the heat source. The power output from 
the turbine, the thermal efficiency of the plant, the exergy of the geothermal liquid at the exit of the flash chamber, and the 
exergy destructions and exergy efficiencies for the flash chamber, the turbine, and the entire plant are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis {a) We use properties of water for geothermal water (Tables A-4, A-5, and A-6) 



m 6 = m l - m 3 = 230-38.19 = 191.81 kg/s 

The power output from the turbine is 

W T =m 3 (h 3 -h 4 ) = (38.19kJ/kg)(2748.1-2464.3)kJ/kg = 10,842 kW 

We use saturated liquid state at the standard temperature for dead state properties 

T 0 = 25°Cl h 0 = 104.83 kJ/kg 
x 0 = 0 ^ 0 = 0.3672 kJ/kg 


E m =m l (h l -h 0 ) = (230kJ/kg)(990.14-104.83)kJ/kg = 203,622 kW 


*7th = 


W- 


T,out 


E, 


in 


10,842 

203,622 


0.0532 = 5.3% 


(. b ) The specific exergies at various states are 

y/ x = h x -h 0 -T 0 ( Sl -s 0 ) = (990.14-104.83)kJ/kg-(298 K)(2.6100-0.3672)kJ/kg.K = 216.53 kJ/kg 
y/ 2 = h 2 - h 0 - T 0 (.S' 2 -s 0 ) = (990. 14 - 1 04.83)kJ/kg - (298 K)(2.684 1 - 0.3672)kJ/kg.K = 194.44 kJ/kg 
y/ 3 =h 3 -h 0 -T 0 (s 3 -s 0 ) = (2748. 1-104. 83)kJ/kg-(298K)(6. 8207-0. 3672)kJ/kg.K = 719.10 kJ/kg 
y / 4 = h 4 -h 0 —T 0 (s 4 -s 0 ) = (2464.3 - 104.83)kJ/kg - (298 K)(7.7739 - 0.3672)kJ/kg.K = 151.05 kJ/kg 
y/ 6 =h 6 - h 0 -T 0 (s 6 -s 0 ) = (640.09 - 104.83)kJ/kg - (298 K)(1.8604 - 0.3672)kJ/kg.K = 89.97 kJ/kg 
The exergy of geothermal water at state 6 is 

X 6 =m 6 yr 6 = (191.81 kg/s)(89.97 kJ/kg) = 17,257 kW 
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10-68 


(< c ) Flash chamber: 

^dest,FC = ™\(¥\ ~ l / / i) = (230 kg/s)(2 16.53-1 94.44)kJ/kg = 5080 kW 
y/ 2 194.44 


d II, FC “ 


- 0.898 = 89.8% 


y/ x 216.53 

(d) Turbine: 

^dest,T - m 3 (y/ 3 - y/ 4 ) - W T = (3 : 8. 1 1 9 kg/s)(7 19.10-151 .05)kJ/kg - 1 0,842 kW = 1 0,854 kW 


W* 




T 


1 0,842 kW 


= 0.500 = 50.0% 


m 3 (y/ 3 -y/ 4 ) (38.19 kg/s)(7 19.10-15 1 .05)kJ/kg 


(e) Plant: 


Plant =rh x y/ 1 = (230 kg/s)(2 16.53 kJ/kg) - 49,802 kW 
^dest, Plant = T n , Plant ~W T = 49,802-10,842 = 38,960 kW 


d II, Plant - _■ 


w 


T 


X: 


in, Plant 


10,842 kW 
49,802 kW 


= 0.2177 = 21.8% 
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Cogeneration 


10-69 


10-70C The utilization factor of a cogeneration plant is the ratio of the energy utilized for a useful purpose to the total 
energy supplied. It could be unity for a plant that does not produce any power. 


10-71 C No. A cogeneration plant may involve throttling, friction, and heat transfer through a finite temperature difference, 
and still have a utilization factor of unity. 


10-72C Yes, if the cycle involves no irreversibilities such as throttling, friction, and heat transfer through a finite 
temperature difference. 


10-73C Cogeneration is the production of more than one useful form of energy from the same energy source. Regeneration 
is the transfer of heat from the working fluid at some stage to the working fluid at some other stage. 
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10-74 A cogeneration plant is to generate power and process heat. Part of the steam extracted from the turbine at a relatively 
high pressure is used for process heating. The net power produced and the utilization factor of the plant are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4, A-5, and A-6), 
h\ ~hf@ iokPa = 191.81 kJ/kg 
v \ =*70 iokPa =0.00101 mVkg 

pi, in = v \ 0*2 ~ A ) 

= (o.ooioi m 3 /kg)(600-10kPa 
= 0.60 kJ/kg 

h 2 = h x + w pUn =191.81 + 0.60 = 192.41 kJ/kg 


w. 


lkJ 
lkPa-m 3 


^3 _ hf @ o.6 MPa - 670.38 kJ/kg 
Mixing chamber: 

p. -p -A p 710 (steady) _ q 

^ in ^ out — LXL ' system ” v 

'YjWiK = ^ J rh e h e » ™4 h 4 = ™2 h 2 + ™ 3 / *3 


or, 


Then, 


> E j n E onX 



h _ m 2 h 2+ n h h , _ (22.50)(192.41)+ (7.50X670.38) _ 3n ^ 

4 m 4 30 ' K 

v 4 — V f @h f =3U.90 kJ/kg = 0.001026 m~/kg 


w 


pU 


,in - ^ 4(^5 A) 



lkJ 


1 kPa • nr 


= (0.001026 nF/kg 1(7000 - 600 kPa 
= 6.57 kJ/kg 
h 5 =h 4 + w plUn = 3 1 1 .90 + 6.57 - 3 1 8.47 kJ/kg 

P 6 = 1 MPa }h 6 = 341 1 .4 kJ/kg 
r 6 = 500°C j s 6 = 6.8000 kJ/kg • K 


P 7 = 0.6 MPa 


■S’? =s 6 
Pu = 1 0 kPa 1 Xo = 


hj = 2774.6 kJ/kg 

s s -s f 6.8000-0.6492 


^8 “ s 6 


' fg 


7.4996 


= 0.8201 



=h f +x s h fg = 191.81 + (0.820 l)(2392.l) = 2153.6 kJ/kg 


P,out = (*6 - *7 )+ ( h l - K ) 

= (30 kg/s)(341 1.4 -2774.6)kJ/kg + (22.5 kg/s)(2774.6-2153.6)kJ/kg = 33,077 kW 
W pm =w 1 w p y n +m 4 w pIUn = (22.5 kg/sX0.60kJ/kg)+ (30 kg/s)(6.57 kJ/kg) = 210.6 kW 
lF ne t =fk T ,out - Ikpjn =33,077-210.6 = 32,866 kW 
Also, Access = w 7 (^7 - h)= ("7.5 kg/s)(2774.6 - 670.38) kJ/kg = 15,782 kW 


and 


Q [n =m 5 (h 6 - h 5 ) : = (30 kg/sX34 1 1 .4 - 3 1 8.47) = 92,788 kW 
^net ^process 32,866 + 15,782 


= 


0m 


92,788 


= 52.4% 
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10-75E A large food-processing plant requires steam at a relatively high pressure, which is extracted from the turbine of a 
cogeneration plant. The rate of heat transfer to the boiler and the power output of the cogeneration plant are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis {a) From the steam tables (Tables A-4E, A-5E, and A-6E), 
h \ = h f @ 2 psia = 94.02 Btu/lbm 
v i =‘ / /@ 2 psia =0.01623 frVlbm 


w 


p 


pi, in = v \ ( P 2 - 

= —(0.01623 ft 3 /lbm)(140-2)psia 
0.86 \ 
lBtu 

x 


5.4039 psia- ft J 
= 0.48 Btu/lbm 

h 2 =h x + w pI in = 94.02 + 0.48 = 94.50 Btu/lbm 


*3 = h f @ 140 psia = 324.92 Btu/lbm 



Mixing chamber: 


or, 


E'm ^out ^-^system 
^in — ^out 

X m ‘ h > = Tj m e h t 


710 (steady) _ 


= 0 


■» m 4 h A = m 2 h 2 + ^ 3^3 


h , . = 


i/, = 


_ m 2 h 2 + m 3 h 3 _ (8.5)(94.50)+ (l.5)(324.92) _ 


m 


4 


f @ h f =1 29.07 Btu/lbm 


10 

= 0.01640 ft 3 /lbm 


= 129.07 Btu/lbm 


w. 


p 


pll,in ” ^4 (^5 1*4 )^ 7 7, 

= (o.0 1640 ft 3 /lbm)(800 - 140 psia] J_Btu 

7 I 5.4039 psia -ft 3 

= 2.33 Btu/lbm v 

h 5 = h 4 + w pII in = 129.07 + 2.33 = 131.39 Btu/lbm 


/( 0 . 86 ) 



P 6 =800 psia )h 6 = 15 12.2 Btu/lbm 
n=1000°F [ =1.6812 Btu/lbm • R 


P ls = 140 psia 


S ls =^6 


h ls =1287.5 Btu/lbm 


„ . . , s *s~ s f 1.6812 - 0.17499 _ 

P 8s =2 psia = — = = 0.8634 



Co 

00 

II 

On 

Then, 

0in = m. 

(b) 

T-r.out = 


fg 


1.74444 


h Ss =h f +x Ss h f „ =94.02 + (0.8634Xl021.7) = 976.21 Btu/lbm 


= (0. 86^(10 lbm/sXl5 12.2 - 1287.5) Btu/lbm + (l.5 lbm/sXl287.5 - 976.2 1) Btu/lbm] 
= 4208 Btu/s = 4440 kW 
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10-72 


10-76 A cogeneration plant has two modes of operation. In the first mode, all the steam leaving the turbine at a relatively 
high pressure is routed to the process heater. In the second mode, 60 percent of the steam is routed to the process heater and 
remaining is expanded to the condenser pressure. The power produced and the rate at which process heat is supplied in the 
first mode, and the power produced and the rate of process heat supplied in the second mode are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis {a) From the steam tables (Tables A-4, A-5, and A-6), 


h\ - hf @ 20 kPa - 25 1 .42 kJ/kg 
=t/ /@20kPa =0.001017 m 3 /kg 


w 


pi, in 


h 2 

h, 


‘'lOWi) 

(0.001017 m 3 /kg)(l0,000-20 kPa 
10.15 kJ/kg 
h\ + w’ p i,in = 251.42 + 10.15 = 261.57 kJ/kg 

@ 0.5 MPa ~ 640.09 kJ/kg 
v /@ 0.5 MPa =0.001093 m /kg 


lkJ 


lkPa-m 3 




P 6 = 10 MPa U 6 = 3242.4 kJ/kg 
T 6 = 450°C Js 6 =6.4219 kJ/kg K 


Pi 

s i 


= 0.5 MPa 



_ s 1 -s f _ 6,4219- 1.8604 
s fg 4.9603 

= h f +x 7 h fg = 640.09 + (0.9196)(2108.0) 


2578.6 kJ/kg 


P 8 = 20 kPa 


1 *8 = “ 
* h* =h 


8 6.4219- 0.8320 _ 0?901 

s fg 7.0752 

f +x s h fg =25 1.42 + (0.7901X2357.5) = 21 14.0 kJ/kg 


When the entire steam is routed to the process heater, 

W J(ml = m 6 (h 6 -h-j)=( 5 kg/s)(3242.4 - 2578.6)kJ/kg = 3319 kW 
^process = m 7 ( h 7 - h ) = (5 kg/s)(2578.6 - 640.09)kJ/kg = 9693 kW 


(b) When only 60% of the steam is routed to the process heater, 

+,out = m 6 ( /? 6 - h l ) ■ + m % ( /j 7 - K ) 

= (5 kg/sX3242.4- 2578.6) kJ/kg + (2 kg/s)(2578.6 -2114.0) kJ/kg = 4248 kW 
process = «7 (* 7 " *3 ) = (3 1^2578.6 _ 640.09) kJ/kg = 5816 kW 
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10-77 A cogeneration plant modified with regeneration is to generate power and process heat. The mass flow rate of steam 
through the boiler for a net power output of 25 MW is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4, A-5, and A-6), 

= hf @ iokPa =191.81 kJ/kg 


(/,=(/ 


/@iokPa - 0.00101 m /kg 


w 


pi 


,in “ U \ 0°2 ^1 ) 


= 0.00101 m 



1600 - 10 kPa 


lkJ 


1 kPa • m 3 

= 1.61 kJ/kg 

h 2 =h x + w pIin =191.81 + 1.61 = 193.41 kJ/kg 
/z 3 = h 4 -h 9 - hj @ l 6 MPa = 858.44 kJ/kg 

^4 = Vf @ 1.6 MPa = 0.001 159 m 3 /kg 

W pII,in = ^4 (^5 “ P 4 ) 


= 0.001159 m 



9000 - 400 kPa 


lkJ 


1 kPa • m 


3 


= 8.57 kJ/kg 
h 5 = h 4 + w pUjn = 858.44 + 8.57 = 867.02 kJ/kg 

P 6 =9 MPa I h 6 =3118.8 kJ/kg 
T 6 = 400°C j s 6 = 6.2876 kJ/kg • K 


s 7 - s f 6 2876-2 3435 

P 7 =1.6 MPa I x 7 =— L = ^J. : — -4 = 0.9675 


Sn =S, 


fg 


4.0765 


Pv = 1 0 kPa x 8 = 


h 7 =h f +x 7 h fg =858.44 + (0.9675X1934.4) = 2730.0 kJ/kg 
s* ~ s f 6.2876 - 0.6492 


So = s, 


fg 


7.4996 


= 0.7518 


h s =h f +x % h fg = 191.81 + (0.7518X2392.1) = 1990.2 kJ/kg 

Then, per kg of steam flowing through the boiler, we have 

w T,out = 0*6 - h l ) + 6 - y)( h 7 - h ) 

= (31 18.8 - 2730.0) kJ/kg + (l - 0.35X2730.0 - 1990.2) kJ/kg 
= 869.7 kJ/kg 


w, 


,,in = 0 - y)™ pl,i„ + M; pU.in 

= (l -0.35Xl. 61 kJ/kg) + (8.57 kJ/kg) 

= 9.62 kJ/kg 

Wnet = w T,out ~ Wp,m = 869 - 7 - 9.62 = 860. 1 kJ/kg 


Thus, 


m = 


W net 25,000 kJ/s 
860.1 kJ/kg 


29.1 kg/s 
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10-74 


10-78 



Problem 10-77 is reconsidered. The effect of the extraction pressure for removing steam from the turbine to be 


used for the process heater and open feedwater heater on the required mass flow rate is to be investigated. 
Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

y = 0.35 "fraction of steam extracted from turbine for feedwater heater and process heater" 
P[6] = 9000 [kPa] 

T[6] = 400 [C] 

P_extract=1600 [kPa] 

P[7] = P_extract 
P cond=10 [kPa] 

P[8] = P_cond 

W_dot_net=25 [MW]*Convert(MW, kW) 

Eta_turb= 100/100 "Turbine isentropic efficiency" 

Eta_pump = 100/100 "Pump isentropic efficiency" 

P[1] = P[8] 

P[2]=P[7] 

P[3]=P[7] 

P[4] = P[7] 

P[5]=P[6] 

P[9] = P[7] 

"Condenser exit pump or Pump 1 analysis" 

FluidS-SteamJAPWS' 

h[1]=enthalpy(Fluid$,P=P[1],x=0) {Sat'd liquid} 

v1=volume(Fluid$,P=P[1],x=0) 

s[1]=entropy(Fluid$,P=P[1],x=0) 

T[1]=temperature(Fluid$,P=P[1],x=0) 

w_pump1_s=v1*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume" 
w_pump1=w_pump1_s/Eta_pump "Definition of pump efficiency" 
h[1]+w_pumpi= h[2] "Steady-flow conservation of energy" 
s[2]=entropy(Fluid$,P=P[2],h=h[2]) 

T[2]=temperature(Fluid$,P=P[2],h=h[2]) 

"Open Feedwater Heater analysis:" 

z*h[7] + (1- y)*h[2] = (1- y + z)*h[3] "Steady-flow conservation of energy" 
h[3]=enthalpy(Fluid$,P=P[3],x=0) 

T[3]=temperature(Fluid$,P=P[3],x=0) "Condensate leaves heater as sat. liquid at P[3]" 
s[3]=entropy(Fluid$,P=P[3],x=0) 

"Process heater analysis:" 

(y - z)*h[7] = q_process + (y - z)*h[9] "Steady-flow conservation of energy" 

Q_dot_process = m_dot*(y - z)*q_process"[kW]" 
h[9]=enthalpy(Fluid$,P=P[9],x=0) 

T[9]=temperature(Fluid$,P=P[9],x=0) "Condensate leaves heater as sat. liquid at P[3]" 
s[9]=entropy(Fluid$,P=P[9],x=0) 

"Mixing chamber at 3, 4, and 9:" 

(y-z)*h[9] + (1-y+z)*h[3] = 1*h[4] "Steady-flow conservation of energy" 
T[4]=temperature(Fluid$,P=P[4],h=h[4]) "Condensate leaves heater as sat. liquid at P[3]" 
s[4]=entropy(Fluid$,P=P[4],h=h[4]) 

"Boiler condensate pump or Pump 2 analysis" 
v4=volume(Fluid$,P=P[4],x=0) 

w_pump2_s=v4*(P[5]-P[4])"SSSF isentropic pump work assuming constant specific volume" 
w_pump2=w_pump2_s/Eta_pump "Definition of pump efficiency" 
h[4]+w_pump2= h[5] "Steady-flow conservation of energy" 
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s[5]=entropy(Fluid$,P=P[5],h=h[5]) 

T[5]=temperature(Fluid$,P=P[5],h=h[5]) 

"Boiler analysis" 

qjn + h[5]=h[6]"SSSF conservation of energy for the Boiler" 
h[6]=enthalpy(Fluid$, T=T[6], P=P[6]) 
s[6]=entropy(Fluid$, T=T[6], P=P[6]) 

"Turbine analysis" 
ss[7]=s[6] 

hs[7]=enthalpy(Fluid$,s=ss[7],P=P[7]) 

Ts[7]=temperature(Fluid$,s=ss[7],P=P[7]) 

h[7]=h[6]-Eta_turb*(h[6]-hs[7])"Definition of turbine efficiency for high pressure stages" 

T[7]=temperature(Fluid$,P=P[7],h=h[7]) 

s[7]=entropy(Fluid$,P=P[7],h=h[7]) 

ss[8]=s[7] 

hs[8]=enthalpy(Fluid$,s=ss[8],P=P[8]) 

Ts[8]=temperature(Fluid$,s=ss[8],P=P[8]) 

h[8]=h[7]-Eta_turb*(h[7]-hs[8])"Definition of turbine efficiency for low pressure stages" 

T[8]=temperature(Fluid$,P=P[8],h=h[8]) 

s[8]=entropy(Fluid$,P=P[8],h=h[8]) 

h[6] =y*h[7] + (1- y)*h[8] + w_turb "SSSF conservation of energy for turbine" 

"Condenser analysis" 

(1- y)*h[8]=q_out+(1- y)*h[1]"SSSF First Law for the Condenser" 

"Cycle Statistics" 

w jiet=w_turb - ((1- y)*w_pump1+ w pump2) 

Eta_th=w_net/q_in 
W dot net = m dot * w net 


^extract 

[kPa] 

T|th 

m 

[kg/s] 

Qprocess 

[kW] 

200 

0.3778 

25.4 

2770 

400 

0.3776 

26.43 

2137 

600 

0.3781 

27.11 

1745 

800 

0.3787 

27.63 

1459 

1000 

0.3794 

28.07 

1235 

1200 

0.3802 

28.44 

1053 

1400 

0.3811 

28.77 

900.7 

1600 

0.3819 

29.07 

770.9 

1800 

0.3828 

29.34 

659 

2000 

0.3837 

29.59 

561.8 
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^extract I^Pa] 


•E 




w 

V) 

<D 

O 

O 

i— 

Q. 


•o 


p 

■extract 


[kPa] 
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10-79E A cogeneration plant is to generate power while meeting the process steam requirements for a certain industrial 
application. The net power produced, the rate of process heat supply, and the utilization factor of this plant are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) From the steam tables (Tables A-4E, A-5E, and A-6E), 


h x = hj @ 24 o°f ~ 208.49 Btu/lbm 
h 2 = h x 

P 3 = 600 psia )h 3 = 1408.0 Btu/lbm 

T 3 = 800°F s 3 = s 5 = s 7 = \ .6348 Btu/lbm • R 

hi=h 4 =h 5 = h 6 

P-j =120 psia 

\h 7 =1229.5 Btu/lbm 

s 7 =s 3 

W na =m 5 {h 5 -h 7 ) 

= (12 lbm/s)(l408.0 - 1229.5) Btu/lbm 
= 2142 Btu/s = 2260 kW 

(^) Cprocess ~~ f ^e^e 

= m 6 h 6 +m 7 h 7 -m x h x - 
= (6)(l408.0)+ (12X1229.5) - (l 8X208.49) 

= 19,450 Btu/s 

(c) 8 U = 1 since all the energy is utilized. 
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10-80 A Rankine steam cycle modified for a closed feedwater heater and a process heater is considered. The T-s diagram for 
the ideal cycle is to be sketched; the mass flow rate of the cooling water; and the utilization efficiency of the plant are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (b) Using the data from the problem statement, the enthalpies at various states are 


~hf@ iokPa - 191.81 kJ/kg 
v \ = v f® 20kPa = 0.00101 m 3 /kg 

W pl,in = <'l( P 2 -P\) / 

= (o.ooioi m 3 /kg](l0000-10 kPaj 

1 1 kPa • m 

= 10.1 kJ/kg v 

h 2 = h\ + vv’ pl in =191.81 + 10.1 = 201.9 kJ/kg 

b 3 -h % -h 9 - hj- @2000 kPa = 908.47 kJ/kg 
^io -^ii = ^/ @ 700 kPa =697.00 kJ/kg 

An energy balance on the closed feedwater heater gives 


y(h 5 -hz) = h 3 -h 2 
_ h 3 ~ h 2 _ 908.47-201.9 
y ~ h 5 -hz ~ 2930-908.47 


= 0.3495 


The process heat is expressed as 

2process = ~ h \o) = ™w C p AT w 

zm(h 6 -h l0 ) 0.05(100 kg/s)(27 14 -697.00) kJ/kg 


10 MPa 


2 MPa 


700 kPa 


lOkPa 


m w = 


C P AT W 


(4.18 kJ/kg • °C)(40°C) 


= 60.3 kg/s 


(c) The net power output is determined from 


^net=^T-^P 


= m[y(h 4 -h 5 ) + z(h 4 -h 6 ) + (l-y- z)(h 4 - h 7 ) - w P \ 

, , [0.3495(3374 -2930) kJ/kg + 0.05(3374 -2714) kJ/kg 


= (100 kg/s) 


+ (1 - 0.3495 - 0.05)(3374 - 2089) kJ/kg -(10.1 kJ/kg) 


= 94,970 kW 

The rate of heat input in the boiler is 

Q m = m(h 4 -h 3 ) = (100 kg/s)(3874- 908.47) kJ/kg = 296,550 kW 
The rate of process heat is 


process 


= 0.05 rh(h 6 -h l0 ) = 0.05(100 kg/s)(2714 - 697.00) kJ/kg = 10,085 kW 


The utilization efficiency of this cogeneration plant is 


£ u = 


K et +Q process (94,970 + 10,085) kW 

Q- ~ 296,550 kW 


= 0.354 = 35.4% 
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Combined Gas-Vapor Power Cycles 

10-81 C The energy source of the steam is the waste energy of the exhausted combustion gases. 


10-82C Because the combined gas-steam cycle takes advantage of the desirable characteristics of the gas cycle at high 
temperature, and those of steam cycle at low temperature, and combines them. The result is a cycle that is more efficient 
than either cycle executed operated alone. 
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10-83 A 450-MW combined gas-steam power plant is considered. The topping cycle is a gas-turbine cycle and the 
bottoming cycle is an ideal Rankine cycle with an open feedwater heater. The mass flow rate of air to steam, the required 
rate of heat input in the combustion chamber, and the thermal efficiency of the combined cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal gas 
with variable specific heats. 

Analysis (a) The analysis of gas cycle yields (Table 
A- 17) 


r 8 = 300 K 
P 


■» h s = 300. 19 kJ/kg 
P.. = 1.386 


P, = 

I 0 


ft 


P r = (I4)(l.386) = 19.40 > hg = 635.5 kJ/kg 


T l0 = 1400 K 


Pr = 

Ml 


■» h l0 =1515.42 kJ/kg 
P,. =450.5 


’10 


ft 


11 


Pr, = 


D MO 
M0 


vl4y 


(450.5)= 32.18 >h u = 735.8 kJ/kg 


T n = 460 K > h l2 = 462.02 kJ/kg 

From the steam tables (Tables A-4, A-5, A-6), 

@ 20 kPa =251 .42 kJ/kg 
ft =t/ /@20kPa =0.001017 m 3 /kg 

Wpl,in = ft ( P 2 -Pi) 

= (o.ooion m 3 /kg)(600 - 20 kPa 
= 0.59 kJ/kg 


lkJ 


1 kPa-m 

h 2 =h x +w lM =251.42 + 0.59 = 252.01 kJ/kg 


h 3 = hr 


f @ 0.6 MPa 


= 670.38 kJ/kg 


Ks = @ 0.6 MPa = 0.001 101 m 3 /kg 

H ’pll,in = ^3(^4 “ ^3) 


lkJ 


1 kPa • nr 


= (o.OOl 101 m 3 /kg)(8,000 - 600 kPa 
= 8.15 kJ/kg 
h 4 = h 3 + w plin = 670.38 + 8.15 = 678.53 kJ/kg 

P 5 = 8 MPa }h 5 = 3139.4 kJ/kg 
T 5 = 400°C j s 3 = 6.3658 kJ/kg • K 



P 6 = 0.6 MPa 

^6 = *^5 


P 7 = 20 kPa 


s 7 = s< 


X 6 = 


s 6 ~s f 6.3658-1.9308 


'fg 


4.8285 


= 0.9185 


h 6 = h f + x 6 h f g = 670.38 + (0.9185X2085.8) = 2586.1 kJ/kg 


fg 


X7 = = 6 - 3658 - 0 - 8320 = 0.7821 


'fg 


7.0752 


hj = h f + x-jhfg = 251.42 + (0.7821X2357.5) = 2095.2 kJ/kg 
Noting that Q = W = Ake = Ape = 0 for the heat exchanger, the steady-flow energy balance equation yields 
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E _ E ~ A F (steady) _ q 

-^out — system — u 


-^in — -^out 


= 'Y J m e h e > m s (h s - h 4 )= m Mr {h u - h n ) 


m 


air 


fu-h A 3139.4-678.53 


= 8.99 kg air / kg steam 


m. 


h n -h n 735.80-462.02 
(b) Noting that Q = W= A ke = Ape = 0 for the open FWH, the steady-flow energy balance equation yields 

p. - p ~ A E (steady) _ q 

^ out system u 


^in -^out 


■> /h 2 /? 2 + m 6 h 6 = m 3 h 3 > yh 6 + (l - y)h 2 = (l )h- 


Thus, 


y = 


^3 ^2 

* 6 “ *2 


670.38-252.01 

2586.1-252.01 


0.1792 (the fraction of steam extracted) 


w T = h 5 - h 6 +(l-y\ h 6 -h 1 ) 

= 3139.4 - 2586.1 + (l - 0. 1792)(2586. 1 - 2095.2) = 956.23 kJ/kg 

W net , steam = ~ ™p,m =W T ~{\~ y)w p I ~ W pJI 

= 956.23 -(l -0.1792 )(0.59)-8. 15 = 948.56 kJ/kg 

w net,gas = W T ~ W C, in = ( /? 10 “ h u)~ i h 9 ~ h) 

= 1515.42 - 735.8 - (635.5 - 300. 19) = 444.3 kJ/kg 


The net work output per unit mass of gas is 


= w, 


+ 


l 


W r 


net net, gas g 99 net, steam 


= 444.3 + ^(948.56) = 549.8 kJ/kg 


^ = ^ = 450,000 U/s = g 


air 


W, 


net 


549.7 kJ/kg 


and 


Q m = m air (S - h 9 ) = (818.5 kg/sXl515.42 - 635.5) kJ/kg = 720,215 kW 



nth 




450,000 kW 
720,215 kW 


62 . 5 % 
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10-84 



Problem 10-83 is reconsidered. The effect of the gas cycle pressure ratio on the ratio of gas flow rate to steam 


flow rate and cycle thermal efficiency is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input data" 

T[8] = 300 [K] 

P[8] = 14.7 [kPa] 
"Pratio = 14" 

T[1 0] = 1400 [K] 

T[1 2] = 460 [K] 

P[1 2] = P[8] 
W_dot_net=450 [MW] 
Eta_comp = 1 .0 
Eta_gas_turb = 1 .0 
Eta_pump = 1 .0 
Eta_steam_turb = 1 .0 
P[5] = 8000 [kPa] 

T[5] =(400+273) ”[K]" 
P[6] = 600 [kPa] 

P[7] = 20 [kPa] 


"Gas compressor inlet" 

"Assumed air inlet pressure" 

"Pressure ratio for gas compressor" 

"Gas turbine inlet" 

"Gas exit temperature from Gas-to-steam heat exchanger " 
"Assumed air exit pressure" 


"Steam turbine inlet" 

"Steam turbine inlet" 

"Extraction pressure for steam open feedwater heater" 
"Steam condenser pressure" 


"GAS POWER CYCLE ANALYSIS" 


"Gas Compressor anaysis" 
s[8]=ENTROPY(Air,T=T[8],P=P[8]) 

ss9=s[8] "For the ideal case the entropies are constant across the compressor" 

P[9] = Pratio*P[8] 

Ts9=temperature(Air,s=ss9,P=P[9])"Ts9 is the isentropic value of T[9] at compressor exit" 

Eta_comp = w_gas_comp_isen/w_gas_comp "compressor adiabatic efficiency, w_comp > w_comp_isen" 

h[8] + w_gas_comp_isen =hs9"SSSF conservation of energy for the isentropic compressor, assuming: adiabatic, 

ke=pe=0 per unit gas mass flow rate in kg/s" 

h[8]=ENTHALPY(Air,T=T[8]) 

hs9=ENTHALPY(Air,T=Ts9) 

h[8] + w_gas_comp = h[9]"SSSF conservation of energy for the actual compressor, assuming: adiabatic, 
ke=pe=0" 

T[9]=temperature(Air,h=h[9]) 

s[9]=ENTROPY(Air,T=T[9],P=P[9]) 

"Gas Cycle External heat exchanger analysis" 

h[9] + q_in = h[10] SSSF conservation of energy for the external heat exchanger, assuming W=0, ke=pe=0" 
h[1 0]=ENTHALPY(Air,T=T[1 0]) 

P[1 0]=P[9] "Assume process 9-1 0 is SSSF constant pressure" 

Q_dotJn"MW"*1000"kW/MW"=m_dot_gas*q_in 


"Gas Turbine analysis" 

s[1 0]=ENTROPY(Air,T=T[1 0],P=P[1 0]) 

ssl 1 =s[1 0] 'For the ideal case the entropies are constant across the turbine" 

P[11] = P[1 0] /Pratio 

Tsl 1=temperature(Air,s=ss11,P=P[11])'Ts1 1 is the isentropic value of T[11] at gas turbine exit" 

Eta_gas_turb = w_gas_turb /w_gas_turb_isen "gas turbine adiabatic efficiency, w_gas_turb_isen > w_gas_turb" 
h[10] = w_gas_turb_isen + hsIT'SSSF conservation of energy for the isentropic gas turbine, assuming: 
adiabatic, ke=pe=0" 
hsl 1 =ENTHALPY(Air,T=Ts1 1 ) 

h[10] = w_gas_turb + h[1 1]"SSSF conservation of energy for the actual gas turbine, assuming: adiabatic, 
ke=pe=0" 

T[1 1 ]=temperature(Air,h=h[1 1]) 

s[1 1 ]=ENTROPY(Air,T=T[1 1 ],P=P[1 1 ]) 
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"Gas-to-Steam Heat Exchanger" 

"SSSF conservation of energy for the gas-to-steam heat exchanger, assuming: adiabatic, 

W=0, ke=pe=0" 

m_dot_gas*h[11] + m_dot_steam*h[4] = m_dot_gas*h[12] + m_dot_steam*h[5] 

h[1 2]=ENTHALPY(Air, T=T[1 2]) 

s[1 2]=ENTROPY(Air,T=T[1 2],P=P[1 2]) 

"STEAM CYCLE ANALYSIS" 

"Steam Condenser exit pump or Pump 1 analysis" 

Fluid$='SteamJAPWS' 

P[1] = P[7] 

P[2]=P[6] 

h[1]=enthalpy(Fluid$,P=P[1],x=0) {Saturated liquid} 

v1=volume(Fluid$,P=P[1],x=0) 

s[1]=entropy(Fluid$,P=P[1],x=0) 

T[1]=temperature(Fluid$,P=P[1],x=0) 

w_pump1_s=v1*(P[2]-P[1]) 'SSSF isentropic pump work assuming constant specific volume" 
w_pump1=w_pump1_s/Eta_pump "Definition of pump efficiency" 
h[1]+w_pump1= h[2] "Steady-flow conservation of energy" 
s[2]=entropy(Fluid$,P=P[2],h=h[2]) 

T[2]=temperature(Fluid$,P=P[2],h=h[2]) 

"Open Feedwater Heater analysis" 

y*h[6] + (1 -y)*h[2] = 1*h[3] Steady-flow conservation of energy" 

P[3]=P[6] 

h[3]=enthalpy(Fluid$,P=P[3],x=0) "Condensate leaves heater as sat. liquid at P[3]" 

T[3]=temperature(Fluid$,P=P[3],x=0) 

s[3]=entropy(Fluid$,P=P[3],x=0) 

"Boiler condensate pump or Pump 2 analysis" 

P[4] = P[5] 

v3=volume(Fluid$,P=P[3],x=0) 

w_pump2_s=v3*(P[4]-P[3]) 'SSSF isentropic pump work assuming constant specific volume" 
w_pump2=w_pump2_s/Eta_pump "Definition of pump efficiency" 
h[3]+w_pump2= h[4] "Steady-flow conservation of energy" 
s[4]=entropy(Fluid$,P=P[4],h=h[4]) 

T[4]=temperature(Fluid$,P=P[4],h=h[4]) 

w_steam_pumps = (1-y)*w_pump1+ w_pump2 "Total steam pump work input/ mass steam" 

"Steam Turbine analysis" 
h[5]=enthalpy(Fluid$,T=T[5],P=P[5]) 
s[5]=entropy(Fluid$,P=P[5],T=T[5]) 
ss6=s[5] 

hs6=enthalpy(Fluid$,s=ss6,P=P[6]) 

Ts6=temperature(Fluid$,s=ss6,P=P[6]) 

h[6]=h[5]-Eta_steam_turb*(h[5]-hs6)"Definition of steam turbine efficiency" 

T[6]=temperature(Fluid$,P=P[6],h=h[6]) 

s[6]=entropy(Fluid$,P=P[6],h=h[6]) 

ss7=s[5] 

hs7=enthalpy(Fluid$,s=ss7,P=P[7]) 

Ts7=temperature(Fluid$,s=ss7,P=P[7]) 

h[7]=h[5]-Eta_steam_turb*(h[5]-hs7)"Definition of steam turbine efficiency" 

T[7]=temperature(Fluid$,P=P[7],h=h[7]) 

s[7]=entropy(Fluid$,P=P[7],h=h[7]) 

"SSSF conservation of energy for the steam turbine: adiabatic, neglect ke and pe" 
h[5] = w_steam_turb + y*h[6] +(1-y)*h[7] 

"Steam Condenser analysis" 

(1-y)*h[7]=q_out+(1-y)*h[1] SSSF conservation of energy for the Condenser per unit mass" 
Q_dot_out*Convert(MW, kW)=m_dot_steam*q_out 
"Cycle Statistics" 

MassFtatio_gastosteam =m_dot_gas/m_dot_steam 

W_dot_net*Convert(MW, kW)=m_dot_gas*(w_gas_turb-w_gas_comp)+ m_dot_steam*(w_steam_turb - 
w_steam_pumps)"definition of the net cycle work" 

Eta_th=W_dot_net/Q_dot_in*Convert(, %) "Cycle thermal efficiency, in percent" 
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Bwr=(m_dot_gas*w_gas_comp + m_dot_steam*w_steam_pumps)/(m_dot_gas*w_gas_turb + 
m_dot_steam*w_steam_turb) "Back work ratio" 

W_dot_net_steam = m_dot_steam*(w_steam_turb - w_steam_pumps) 

W_dot_net_gas = m_dot_gas*(w_gas_turb - w_gas_comp) 

NetWorkRatio_gastosteam = W_dot_net_gas/W_dot_net_steam 


Pratio 

MassRatio 

gastosteam 

W n etgas 

[kW] 

Wnetsteam 

[kW] 

nth 

[%] 

NetWorkRatio 

gastosteam 

10 

7.108 

342944 

107056 

59.92 

3.203 

11 

7.574 

349014 

100986 

60.65 

3.456 

12 

8.043 

354353 

95647 

61.29 

3.705 

13 

8.519 

359110 

90890 

61.86 

3.951 

14 

9.001 

363394 

86606 

62.37 

4.196 

15 

9.492 

367285 

82715 

62.83 

4.44 

16 

9.993 

370849 

79151 

63.24 

4.685 

17 

10.51 

374135 

75865 

63.62 

4.932 

18 

11.03 

377182 

72818 

63.97 

5.18 

19 

11.57 

380024 

69976 

64.28 

5.431 

20 

12.12 

382687 

67313 

64.57 

5.685 


Combined Gas and Steam Power Cycle 



s [kJ/kg-K] 
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10-85 A combined gas-steam power cycle uses a simple gas turbine for the topping cycle and simple Rankine cycle for the 
bottoming cycle. The mass flow rate of air for a specified power output is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable fo Brayton cycle. 3 Kinetic 
and potential energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k=\A (Table A-2a). 


Analysis Working around the topping cycle gives the 
following results: 


+ = T 5 


f p\(k-\) Ik 




= (293 K)(8)°' 4/1 ' 4 = 530.8 K 


V c = 


h 6s -h^ c „ (T (}S - T s ) 


/ ? 6 c c> + - T 5 ) 


-> 77 — 77 + 


P 6s ^5 


Vc 

530 8-293 

= 293+ - =572.8 K 


hs = Ti 


r p 


J 


0.85 


= (1373 K) 


/ , N 0.4/1. 4 


= 758.0 K 




TJt = 


hn -ho c P ( p i ) 


h~j h% s c p (T 7 r 8v ) 



= 1373 -(0.90)(1373- 758.0) 
= 819.5 K 


P 9 - ^sat@6000kPa - 275. 6°C - 548.6 K 

Fixing the states around the bottom steam cycle yields (Tables A-4, A-5, A-6): 
h\ = hf@ 20 kPa =251.42kJ/kg 
v i =‘ / /@20kPa = 0.001017 m 3 /kg 


w • = 

P,m 


lu = 


lkJ 


^Pi-Px) 

(0.001017 m 3 /kg)(6000-20)kPa 
6.08 kJ/kg UkPa-m 

) h + Wp in = 251.42 + 6.08 = 257.5 kJ/kg 


P 3 = 6000 kPa 1 h 3 =2953.6 kJ/kg 
r 3 =320°C J ^ 3 =6.1871 kJ/kg-K 


P4 = 20 kPa 

^4 = S 3 


h 4s =2035.8 kJ/kg 


~h 4 
h 3 - h 4s 


>h 4 = h 3 -rj T (h 3 -h 4s ) 

= 2953. 6-(0.90)(2953. 6-2035.8) 
= 2127.6 kJ/kg 
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The net work outputs from each cycle are 

^net, gas cycle — ^T,out — ^C,in 

= c p(Ti ~T%)~ c p(T 6 ~T 5 ) 

= (1 .005 kJ/kg • K)(1373 - 8 1 9.5 - 572.7 + 293)K 
= 275.2 kJ/kg 


^net, steam cycle ^T,out ^P,in 

= (h 3 -h 4 )-w PM 
= (2953. 6-2127. 6)-6. 08 
= 8 19.9 kJ/kg 

An energy balance on the heat exchanger gives 

= (1.005X819.5-548.6) =0 1Q10 . ; 
2953.6-257.5 


K c pi T \ 8 ~ T 9) = ™w( h 3- h 2) 


= 


C p(J 8 ^ 9 ) . 

m 

/h-/b 


That is, 1 kg of exhaust gases can heat only 0.1010 kg of water. Then, the mass flow rate of air is 


W, 


m a = 


net 


W 


net 


100,000 kJ/s 

(1x275. 2 + 0.1010x819.9) kJ/kg air 


279.3 kg/s 
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10-86 A combined gas-steam power cycle uses a simple gas turbine for the topping cycle and simple Rankine cycle for the 
bottoming cycle. The mass flow rate of air for a specified power output is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable fo Brayton cycle. 3 Kinetic 
and potential energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are 
c p = 1.005 kJ/kg-K and k= 1.4 (Table A-2a). 

Analysis With an ideal regenerator, the temperature of the air 
at the compressor exit will be heated to the to the temperature 
at the turbine exit. Representing this state by “6a” 

T 6 a =T s = 819.5 K 

The rate of heat addition in the cycle is 

Qin =™a C p( T l ~ T 6a ) 

= (279.3 kg/s)(1.005 kJ/kg -°C)(1373 -819.5) K 
= 155,370 kW 

The thermal efficiency of the cycle is then 


7th = 




100,000 kW 
155,370 kW 


0.6436 



Without the regenerator, the rate of heat addition and the thermal efficiency are 

Q. m = m a c p (T-j -T 6 ) = (279.3 kg/s)(1.005 kJ/kg -°C)(1373 -572.7) K = 224,640 kW 


7th = 




100,000 kW 
224,640 kW 


0.4452 


The change in the thermal efficiency due to using the ideal regenerator is 
A/7 th =0.6436-0.4452 = 0.1984 
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10-87 The component of the combined cycle with the largest exergy destruction of the component of the combined cycle in 
Prob. 10-86 is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic 

and potential energy changes are negligible. T A 


Analysis From Problem 10-86, 

T — 1 777 V 

1 source, gas cycle 1 J J rv 

T = T = 8 1 Q 5 K 

1 source, steam cycle ^8 o i 7 . ^ jv 

^smk - 293 K 


1373 K 


x GAS 
CYCLE 


■?! — S 2 ~ s f@ 20kPa - 0.8320 kj/kg • K 
.S' 3 =6.1871 kJ/kg K 
5 4 =6.4627 kJ/kg K 

?in,67 = c p ( T i — T 6 ) — 804.3 kJ/kg 
*7 in , 23 =h 3 -h 2 =2696.1 kJ/kg 
< 7 out = h 4 -h ] = 1876.2 kJ/kg 
m w =0.1010w a =0.1010(279.3) = 28.21 kg/s 


293 K— yij 


6 MPa 


STEAM 
C X CLE 20 kPa 


320°C 


4s 4 


2f destroyed, 12 = ° (isentropic process) 


destroyed, 34 


= rh w T 0 (s 4 - s 3 ) = (28.21 kg/s)(293 K)(6.4627 -6.1871) = 2278 kW 


t r " 7 1 . Q out 

^ destroyed, 4 1 — 0 — ^4 ' 2T 


VV V 1 rj - 1 

V 1 sink J 

= (28.21 kg/s)(293 K)| 0.8320 - 6.1871 + 1876 ' 2kJ/k g l = 8665 kw 

293 K. j 


X destroyed, heat exchanger - ^0^0^89 +™ w TqAs 23 - m a T 0 C p In +m a T Q (s 3 S 2 ) 

v 7 8 y 

= (279.3)(293) (1.005) In + (28.21)(293)(6. 1 87 1 - 0.8320) 

8 1 9 . 5 

= 1 1260 kW 


T P i I S72 7 

6 r»i._ 6 o\/^rvo\ /i rvrvr"\i„ ' ' 


^destroyed , 56 = c, ln^-*ln-f- = (279.3)(293) (1 ,005)ln — — - (0.287) ln(8) = 6280kW 


T i 9h 


T T 

6 source 


^destroyed, 67 = | = (279.3)(293)[(1.005)1n ^2 - ^1 = 23,970 kW 


572.7 1373 


i T P i 8195 T i T 

destroyed, 78 = ^ In *ln = (279.3)(293) (1.005)ln — — - (0.287) In - =6396kW 

1 -j In Ij/j o 


The largest exergy destruction occurs during the heat addition process in the combustor of the gas cycle. 
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10-88 A 280-MW combined gas-steam power plant is considered. The topping cycle is a gas-turbine cycle and the 
bottoming cycle is a nonideal Rankine cycle with an open feedwater heater. The mass flow rate of air to steam, the required 
rate of heat input in the combustion chamber, and the thermal efficiency of the combined cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal 
gas with variable specific heats. 


Analysis (a) Using the properties of air from Table A- 17, the analysis 
of gas cycle yields 


r 8 = 300 K > h s =300.19 kJ/kg 

P r =1.386 
'8 

P r =—P r =(llXl.386)= 15.25 >h 9s =595.84 kJ/kg 


n c = 


A 

A s ~ A 
hq /z 8 


*A = A +(h 9s -h s )/j} c 

= 300. 19 + (595.84 - 300. 19)/(0.82) 
= 660.74 kJ/kg 


r 10 =1100K > /? 10 =1161.07 kJ/kg 

P, =167.1 


10 


P = -^-P = 

'll p r 10 

M0 


vlly 


(l67.l) = 15.19 > h Us =595.18 kJ/kg 


n T = , /?1 ° f 1 ' > K i = /7 io - n T (*io - h \\ s ) 

/7 10 - h Us =1161.07 -(0.86X1 161-07 -595.18) 

= 674.40 kJ/kg 



T n = 420 K > h u = 421.26 kJ/kg 

From the steam tables (Tables A-4, A-5, and A-6), 


h\ ~hf@ iokPa -191.81 kJ/kg 
=l/ /@i0kPa =0.00101 m 3 /kg 

W pl,,n = *1 (A - A ) 

= (o.ooioi m 3 /kg)(800-10 kPa 

= 0.80 kJ/kg 
h 2 =/?! +w pUn =191.81 + 0.80 = 192.60 kJ/kg 


lkJ 


1 kPa • m 3 


^3 - A @ o.8 MPa - 720.87 kJ/kg 
V 3 =l/ /@0.8MPa =0.001115 m 3 /kg 


w 


pll.in “ V 3 (A A ) 

= (o. 00 1 1 1 5 m 3 /kg)(5000 - 800 kPa" 1 1 kJ 
= 4.68 kJ/kg 


1 kPa • m 3 

h 4 = h 3 + vv pT in = 720.87 + 4.68 = 725.55 kJ/kg 


P 5 = 5 MPa 1 h 5 = 3069.3 kJ/kg 
T s = 350°C J5 5 = 6.4516 kJ/kg • K 
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Pr, =0.8 MPa 


^ 6s = S 5 


V ^ 6 - :5 ' 6 2 ll45 ~ - 0.9545 


fg 


4.6160 


h 6s = h f +x 6s h fs = 720.87 + (0.9545)(2085. 8) = 2675. 1 kJ/kg 


\fg 


Ht = 


~K 

h 5 ~ K s 


+ h 6 =h 5 -?i T (h 5 - h 6s ) = 3069.3 - (0.86X3069.3 - 2675. l) = 2730.3 kJ/kg 


Pn =10 kPa 


s 7 — 


s 7~ s f 6.4516-0.6492 ____ 

x ls = — = = 0.7737 


fg 


7.4996 


ri T = 


/zc - fa 


h* - h 


h ls =h f +x 1 h fg =191.81 + (0.7737)(2392.l) = 2042.5 kJ/kg 
> h-j =h 5 - ij T (h 5 - h ls ) = 3069.3 - (0.86)(3069.3 - 2042.5) = 2186.3 kJ/kg 


Is 


Noting that Q = W = Ake = Ape = 0 for the heat exchanger, the steady-flow energy balance equation yields 

E -E -A E <^0 (steady) _ q 

n out _ ^ system 


^out 


X W A = X e h e » (*5 - *4 ) = "'air (*1 1 “ *12 ) 


m 


air 


h 5 -h 4 3069.3-725.55 


m 


h u -h n 674.40-421.26 


= 9.259 kg air / kg steam 


( b ) Noting that Q = W = Ake = Ape = 0 for the open FWH, the steady-flow energy balance equation yields 


E - E ~ A F (steady) _ q _v f _ f 

^ in ^ out system u ^ ^ 


in 


out 


= 'YjWehe » "'2*2 + "'6*6 = '*3*3 > 7*6 + 0 “ A* 2 = (l)*i 


Thus, 


y = 


h 3 -h 2 _ 720.87-192.60 
h 6 -h 2 ~ 2730.3-192.60 


= 0.2082 (the fraction of steam extracted) 


W T = n T [h 5 - h 6 + (l - jX*6 - *7 )] 

= (0.86|3069.3 - 2730.3 + (l - 0.2082X2730.3 - 2186.3)]= 769.8 kJ/kg 

w net,steam = W T ~ w p,in = W T ~ 0 “ J ; ) w p.I “ W P.U 

= 769.8 - (l - 0.2082X0.80)- 4.68 = 764.5 kJ/kg 

net, gas = W T ~ w C,in = (*10 ~ *1 1 ) “ (*9 ~~ *8 ) 

= 1 161.07 - 674.40 - (660.74 - 300.19) = 126.12 kJ/kg 


w 


The net work output per unit mass of gas is 


1 


^net W net,gas c A ^ c ^net, steam 


126.12 + —^(764.5) = 208.69 kJ/kg 
6.425 9.259 


W net 280,000 kJ/s , 

m air = -^1 = _ _ =1341.7 kg/s 


w net 208.69 kJ/kg 

and Q m = w air (* 10 - * 9 ) = (l341.7 kg/s)(ll61.07 - 660.74) kJ/kg =671,300 kW 

W^ = 280,000 kW =0 4m = 41 _ 7% 

Q m 671,300 kW 
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10-89 



Problem 10-88 is reconsidered. The effect of the gas cycle pressure ratio on the ratio of gas flow rate to steam 


flow rate and cycle thermal efficiency is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input data" 

T[8] = 300 [K] 

P[8] = 1 00 [kPa] 
"Pratio= 11" 

T[1 0] = 1100 [K] 

T[12] = 420 [K] 

P[1 2] = P[8] 
W_dot_net=280 [MW] 
Eta_comp = 0.82 
Eta_gas_turb = 0.86 
Eta_pump = 1 .0 
Eta_steam_turb = 0.86 
P[5] = 5000 [kPa] 

T[5] =(350+273.15) "K" 
P[6] = 800 [kPa] 

P[7] = 10 [kPa] 


"Gas compressor inlet" 

"Assumed air inlet pressure" 

"Pressure ratio for gas compressor" 

"Gas turbine inlet" 

"Gas exit temperature from Gas-to-steam heat exchanger " 
"Assumed air exit pressure" 


"Steam turbine inlet" 

"Steam turbine inlet" 

"Extraction pressure for steam open feedwater heater" 
"Steam condenser pressure" 


"GAS POWER CYCLE ANALYSIS" 


"Gas Compressor anaysis" 
s[8]=ENTROPY(Air,T=T[8],P=P[8]) 

ss9=s[8] "For the ideal case the entropies are constant across the compressor" 

P[9] = Pratio*P[8] 

Ts9=temperature(Air,s=ss9,P=P[9])"Ts9 is the isentropic value of T[9] at compressor exit" 

Eta_comp = w_gas_comp_isen/w_gas_comp "compressor adiabatic efficiency, w_comp > w_comp_isen" 

h[8] + w_gas_comp_isen =hs9"SSSF conservation of energy for the isentropic compressor, assuming: adiabatic, 

ke=pe=0 per unit gas mass flow rate in kg/s" 

h[8]=ENTHALPY(Air,T=T[8]) 

hs9=ENTHALPY(Air,T=Ts9) 

h[8] + w_gas_comp = h[9]"SSSF conservation of energy for the actual compressor, assuming: adiabatic, 
ke=pe=0" 

T[9]=temperature(Air,h=h[9]) 

s[9]=ENTROPY(Air,T=T[9],P=P[9]) 

"Gas Cycle External heat exchanger analysis" 

h[9] + qjn = h[10] SSSF conservation of energy for the external heat exchanger, assuming W=0, ke=pe=0" 
h[1 0]=ENTHALPY(Air,T=T[1 0]) 

P[1 0]=P[9] "Assume process 9-1 0 is SSSF constant pressure" 

Q_dotJn"MW"*1000"kW/MW"=m_dot_gas*q_in 


"Gas Turbine analysis" 

s[1 0]=ENTROPY(Air,T=T[1 0],P=P[1 0]) 

ssl 1 =s[1 0] 'For the ideal case the entropies are constant across the turbine" 

P[11] = P[1 0] /Pratio 

Tsl 1=temperature(Air,s=ss11,P=P[11]) "Tsl 1 is the isentropic value of T[11] at gas turbine exit" 

Eta_gas_turb = w_gas_turb /w_gas_turb_isen "gas turbine adiabatic efficiency, w_gas_turb_isen > w_gas_turb" 
h[10] = w_gas_turb_isen + hsIT'SSSF conservation of energy for the isentropic gas turbine, assuming: 
adiabatic, ke=pe=0" 
hsl 1 =ENTHALPY(Air,T=Ts1 1 ) 

h[10] = w_gas_turb + h[1 1]"SSSF conservation of energy for the actual gas turbine, assuming: adiabatic, 
ke=pe=0" 

T[1 1 ]=temperature(Air,h=h[1 1]) 

s[1 1 ]=ENTROPY(Air,T=T[1 1 ],P=P[1 1 ]) 
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"Gas-to-Steam Heat Exchanger" 

"SSSF conservation of energy for the gas-to-steam heat exchanger, assuming: adiabatic, 

W=0, ke=pe=0" 

m_dot_gas*h[11] + m_dot_steam*h[4] = m_dot_gas*h[12] + m_dot_steam*h[5] 

h[1 2]=ENTHALPY(Air, T=T[1 2]) 

s[1 2]=ENTROPY(Air,T=T[1 2],P=P[1 2]) 

"STEAM CYCLE ANALYSIS" 

"Steam Condenser exit pump or Pump 1 analysis" 

Fluid$='SteamJAPWS' 

P[1] = P[7] 

P[2]=P[6] 

h[1]=enthalpy(Fluid$,P=P[1],x=0) {Saturated liquid} 

v1=volume(Fluid$,P=P[1],x=0) 

s[1]=entropy(Fluid$,P=P[1],x=0) 

T[1]=temperature(Fluid$,P=P[1],x=0) 

w_pump1_s=v1*(P[2]-P[1]) 'SSSF isentropic pump work assuming constant specific volume" 
w_pump1=w_pump1_s/Eta_pump "Definition of pump efficiency" 
h[1]+w_pump1= h[2] "Steady-flow conservation of energy" 
s[2]=entropy(Fluid$,P=P[2],h=h[2]) 

T[2]=temperature(Fluid$,P=P[2],h=h[2]) 

"Open Feedwater Heater analysis" 

y*h[6] + (1 -y)*h[2] = 1*h[3] Steady-flow conservation of energy" 

P[3]=P[6] 

h[3]=enthalpy(Fluid$,P=P[3],x=0) "Condensate leaves heater as sat. liquid at P[3]" 

T[3]=temperature(Fluid$,P=P[3],x=0) 

s[3]=entropy(Fluid$,P=P[3],x=0) 

"Boiler condensate pump or Pump 2 analysis" 

P[4] = P[5] 

v3=volume(Fluid$,P=P[3],x=0) 

w_pump2_s=v3*(P[4]-P[3]) 'SSSF isentropic pump work assuming constant specific volume" 
w_pump2=w_pump2_s/Eta_pump "Definition of pump efficiency" 
h[3]+w_pump2= h[4] "Steady-flow conservation of energy" 
s[4]=entropy(Fluid$,P=P[4],h=h[4]) 

T[4]=temperature(Fluid$,P=P[4],h=h[4]) 

w_steam_pumps = (1-y)*w_pump1+ w_pump2 "Total steam pump work input/ mass steam" 

"Steam Turbine analysis" 
h[5]=enthalpy(Fluid$,T=T[5],P=P[5]) 
s[5]=entropy(Fluid$,P=P[5],T=T[5]) 
ss6=s[5] 

hs6=enthalpy(Fluid$,s=ss6,P=P[6]) 

Ts6=temperature(Fluid$,s=ss6,P=P[6]) 

h[6]=h[5]-Eta_steam_turb*(h[5]-hs6)"Definition of steam turbine efficiency" 

T[6]=temperature(Fluid$,P=P[6],h=h[6]) 

s[6]=entropy(Fluid$,P=P[6],h=h[6]) 

ss7=s[5] 

hs7=enthalpy(Fluid$,s=ss7,P=P[7]) 

Ts7=temperature(Fluid$,s=ss7,P=P[7]) 

h[7]=h[5]-Eta_steam_turb*(h[5]-hs7)"Definition of steam turbine efficiency" 

T[7]=temperature(Fluid$,P=P[7],h=h[7]) 

s[7]=entropy(Fluid$,P=P[7],h=h[7]) 

"SSSF conservation of energy for the steam turbine: adiabatic, neglect ke and pe" 
h[5] = w_steam_turb + y*h[6] +(1-y)*h[7] 

"Steam Condenser analysis" 

(1-y)*h[7]=q_out+(1-y)*h[1] SSSF conservation of energy for the Condenser per unit mass" 
Q_dot_out*Convert(MW, kW)=m_dot_steam*q_out 
"Cycle Statistics" 

MassFtatio_gastosteam =m_dot_gas/m_dot_steam 

W_dot_net*Convert(MW, kW)=m_dot_gas*(w_gas_turb-w_gas_comp)+ m_dot_steam*(w_steam_turb - 
w_steam_pumps)"definition of the net cycle work" 

Eta_th=W_dot_net/Q_dot_in*Convert(, %) "Cycle thermal efficiency, in percent" 
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Bwr=(m_dot_gas*w_gas_comp + m_dot_steam*w_steam_pumps)/(m_dot_gas*w_gas_turb + 
m_dot_steam*w_steam_turb) "Back work ratio" 

W_dot_net_steam = m_dot_steam*(w_steam_turb - w_steam_pumps) 

W_dot_net_gas = m_dot_gas*(w_gas_turb - w_gas_comp) 

NetWorkRatio_gastosteam = W_dot_net_gas/W_dot_net_steam 


Pratio 

M aSS Rati Ogastosteam 

Tlth 

[%] 

10 

8.775 

42.03 

11 

9.262 

41.67 

12 

9.743 

41.22 

13 

10.22 

40.68 

14 

10.7 

40.08 

15 

11.17 

39.4 

16 

11.64 

38.66 

17 

12.12 

37.86 

18 

12.59 

36.99 

19 

13.07 

36.07 

20 

13.55 

35.08 


Combined Gas and Steam Power Cycle 



s [kJ/kg-K] 
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10-90 A combined gas-steam power plant is considered. The topping cycle is a gas-turbine cycle and the bottoming 
cycle is a nonideal reheat Rankine cycle. The moisture percentage at the exit of the low-pressure turbine, the steam 
temperature at the inlet of the high-pressure turbine, and the thermal efficiency of the combined cycle are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal gas 
with variable specific heats. 

Analysis {a) We obtain the air properties from EES. The analysis of gas cycle is as follows 
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hz - h, 


It = 


hz -h 


6s 


P 6 =10 kPa 


■» h 6 =h 5 -rj T (h 5 -h 6s ) 

= 3264.5 - (0.80X3264.5 - 2366.4) 
= 2546.0 kJ/kg 


>x 6 = 0.9842 


h 6 = 2546.5 kJ/kg 
Moisture Percentage = l-x 6 = 1 - 0.9842 = 0.0158 = 1 . 6 % 

(b) Noting that Q = W = Ake = Ape = 0 for the heat exchanger, the steady-flow energy balance equation yields 

^in = ^out 

Yj' h > h > = 'Tj ,h e h e 

rn s (h 3 -h 2 )+ m s (h 5 -h 4 )= w air {h m -h n ) 

(1.15)[(3346.5 - 199.37) + (3264.5 - h 4 )] = (10)(871.98 - 475.62) > h 4 = 2965.0 kJ/kg 


Also, 


A = 6 MPa ] h 3 = 

'3 

h 3 -h 4 


T,=? ,^ = 


P 4 =lMPa 


It = 


>h ->h , 


■» h 4 =h 3 - ti t (h 3 - h 4s ) 


The temperature at the inlet of the high-pressure turbine may be obtained by a trial-error approach or using EES from the 
above relations. The answer is T 3 = 468.0 g C. Then, the enthalpy at state 3 becomes: h 3 = 3346.5 kJ/kg 

(c) W T gas =m^(h 9 -A 10 )=(lO kg/s Xl304.8-871.98)kJ/kg = 4328 kW 
^c.gas = «air {h - h n )= (10 kg/s)(557.21 - 288.50) kJ/kg = 2687 kW 
iftet.gas = ^T.gas " ^C.gas = 4328 - 2687 = 1641 kW 


W- 


T, steam 


= m s (h 3 -h 4 +h 5 -/ ?6 )=(l.l5kg/s)(3346.5 -2965.0 + 3264.5 -2546.0) kJ/kg = 1265 kW 


(d) 


^P, steam = «s w pump = l 1 - 15 kg/sX7.564) kJ/kg = 8.7 kW 


^net,steam = ^T.steam “ ^P, steam = 1265 - 8.7 = 1256 kW 
^net,plant = ^net.gas + ^net.steam = 1641 + 1256 = 2897 kW 
Qrn =»; a ir( /j 9 - /j 8 )= (l0 kg/sXl 304.8 - 557.2l) kJ/kg = 7476 kW 
,.=^1 = 2897kW =a388 = 3M% 


Q in 


7476 kW 
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Special Topic: Binary Vapor Cycles 


10-97 


10-91C In binary vapor power cycles, both cycles are vapor cycles. In the combined gas-steam power cycle, one of the 
cycles is a gas cycle. 


10-92C Binary power cycle is a cycle which is actually a combination of two cycles; one in the high temperature region, 
and the other in the low temperature region. Its purpose is to increase thermal efficiency. 


10-93C Steam is not an ideal fluid for vapor power cycles because its critical temperature is low, its saturation dome 
resembles an inverted V, and its condenser pressure is too low. 


10-94C Because mercury has a high critical temperature, relatively low critical pressure, but a very low condenser pressure. 
It is also toxic, expensive, and has a low enthalpy of vaporization. 


10-95 Consider the heat exchanger of a binary power cycle. The working fluid of the topping cycle (cycle A) enters the 
heat exchanger at state 1 and leaves at state 2. The working fluid of the bottoming cycle (cycle B) enters at state 3 and 
leaves at state 4. Neglecting any changes in kinetic and potential energies, and assuming the heat exchanger is well- 
insulated, the steady-flow energy balance relation yields 

p _p - <^0 (steady) _ q 

^ in ^ out “ system -u 

^in = -^out 

Y j m e h e=Yj ,h ‘ h ’ 

m A h 2 + m B h 4 = m A h x + m B h 3 or m A (h 2 ~h\) = “ ^ 4 ) 

Thus, 

m A _h 3 - h 4 
m B h 2 - h x 
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10-98 


Review Problems 


10-96 A simple ideal Rankine cycle with water as the working fluid operates between the specified pressure limits. The 
thermal efficiency of the cycle is to be compared when it is operated so that the liquid enters the pump as a saturated liquid 
against that when the liquid enters as a subcooled liquid. 

determined power produced by the turbine and consumed by the pump are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4, A-5, and A-6), 


h\ ~hf@ 50kPa - 340.54 kJ/kg 
=t/ /@20kPa = 0.001030 m 3 /kg 


W • = 

P,m 


lu = 


lkJ 


v l( P 2 ~ P \ ) 

(0.001030 m 3 /kg)(6000-50)kPa 
6.13 kJ/kg UkPa-m 

h\ +w pM =340.54 + 6. 13 = 346.67 kJ/kg 


P 3 = 6000 kPa 
r 3 = 600°C 


A 3 =3658.8 kJ/kg 
.s- 3 =7.1693 kJ/kg K 



P 4 = 50 kPa 

S 4 = S 3 


x 4 = 
h 4 = 


s 4 ~ s f 7.1693-1.0912 
— L = .. = 0.9348 

s fg 6.5019 

h f + x 4 h fg = 340.54 + (0.9348)(2304.7) - 2495.0 kJ/kg 


Thus, 

q m =h 3 -h 2 = 3658.8-346.67 = 3312.1 kJ/kg 
q out =h 4 -h x = 2495.0-340.54 = 2154.5 kJ/kg 


and the thermal efficiency of the cycle is 




q 


out 


= 1 




in 


2154.5 

3312.1 


0.3495 


When the liquid enters the pump 1 1.3°C cooler than 


a saturated liquid at the condenser pressure, the enthalpies become 


P { = 50kPa 

^1 = ^sat@50kPa ~ 1 1.3 = 81.3 -1 1.3 = 70°C 


h x =hj- @10 o C =293.07 kJ/kg 
v x =<//*@ 70 o C = 0.001023 m 3 /kg 


w 


p,m 


U X (P 2 ~P X ) 

(0.001023 m 3 /kg)(6000 - 50)kPa 
6.09 kJ/kg 


lkJ 


1 kPa -m 


h 2 =h x +w pin =293.07 + 6.09 = 299.16 kJ/kg 

Then, 

q m =h 3 -h 2 =3658.8-299.16 = 3359.6 kJ/kg 
q ou{ =h 4 -h x = 2495.0-293.09 = 2201.9 kJ/kg 


^ , q out 1 2201.9 

/7 th = 1 = 1 

q m 3359.6 


0.3446 


The thermal efficiency slightly decreases as a result of subcooling at the pump inlet. 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



10-99 


10-97E A geothermal power plant operating on the simple Rankine cycle using an organic fluid as the working fluid is 
considered. The exit temperature of the geothermal water from the vaporizer, the rate of heat rejection from the working 
fluid in the condenser, the mass flow rate of geothermal water at the preheater, and the thermal efficiency of the Level I 
cycle of this plant are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis {a) The exit temperature of geothermal water from the vaporizer is determined from the steady-flow energy 
balance on the geothermal water (brine), 

Gbrine = ^brin e c p (^2 ” T \ ) 

-22,790,000 Btu/h = (384,286 lbm/hXl.03 Btu/lbm • °fXt 2 -325°f) 

T 2 = 267.4°F 

( b ) The rate of heat rejection from the working fluid to the air in the condenser is determined from the steady-flow energy 
balance on air, 

Gair = ^air c p (^9 ” ^8 ) 

= (4,195,100 lbm/h)(0.24 Btu/lbm-°FX84.5 -55 °f) 

= 29.7 MBtu/h 


(c) The mass flow rate of geothermal water at the preheater is determined from the steady-flow energy balance on the 
geothermal water, 

Ggeo ~ ^geo ^ p (T out T m ) 

-1 1,140,000 Btu/h = /w geo (l. 03 Btu/lbm-°FXl54.0-21 1.8 °f) 

m geo =187,120 lbm/h 

(i d) The rate of heat input is 

Gm = Gvaporizer + Qreheater = 22,790,000 + 1 1,140,000 

, = 33,930,000 Btu/h 

and 


W net =1271 -200 = 1071 kW 


Then, 


_ W net _ 1071 kW 

77th ~ Q. ~ 33,930,000 Btu/h 


r 3412.14 Btu N 
1 kWh 


= 10 . 8 % 
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10-100 


10-98 A steam power plant operating on an ideal Rankine cycle with two stages of reheat is considered. The thermal 
efficiency of the cycle and the mass flow rate of the steam are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis {a) From the steam tables (Tables A-4, A-5, and A-6), 


~ hf @ 30 kPa _ 289. 1 8 kJ/kg 
•'l = v f@ 30kPa =0.001022 m 3 /kg 

w p.m = V 1 ( p 2 - P l ) 

= (0.001022 m 3 /kg)(l0,000 - 30 kPa 
= 10.19 kJ/kg 


lkJ 


1 kPa • m 


h 2 =h { + w pin =289.18 + 10.19 = 299.37 kJ/kg 


P 3 = 10 MPa U 3 = 3500.9 kJ/kg 
r 3 =550°C J53 = 6.7561 kJ/kg -K 


P 4 = 4 MPa 

s 4 = .S ’ 3 


I h 4 =3204.9 kJ/kg 


P 5 = 4 MPa 1 /? 5 = 3559.7 kJ/kg 
T 5 = 550°C J 5 5 = 7.2335 kJ/kg • K 



P (> =2 MPa 

■*6 =‘?5 


| h 6 =3321.1 kJ/kg 


P 1 = 2 MPa U 7 = 3578.4 kJ/kg 
r 7 = 550°C }s 7 = 7.5706 kJ/kg • K 


P s = 30 kPa 


= ^= 7 .570 6 - 0.9441 =09711 
6.8234 

J h s = h f +x s h fg =289.27 + (0.971 1X2335.3) = 2557.1 kJ/kg 


Then, 


?in =(*3 -h)+(h - ^4 )+ (^7 ~h) 

= 3500.9 - 299.37 + 3559.7 - 3204.9 + 3578.4 - 3321.1 = 3813.7 kJ/kg 

tfout = /? 8 ~ h \ =2557. 1-289. 18 = 2267.9 kJ/kg 
w net =g in -q out =3813.7 -2267.9 = 1545.8 kJ/kg 


Thus, 


w 


7th = 


net 


7i 


in 


1545.8 kJ/kg 
3813.7 kJ/kg 


= 0.4053 = 40.5% 


(b) The mass flow rate of the steam is then 


W, 


m = 


net 


W 


net 


75,000 kJ/s 
1545.8 kJ/kg 


48.5 kg/s 
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10-99 A steam power plant operating on the ideal Rankine cycle with reheating is considered. The reheat pressures of the 
cycle are to be determined for the cases of single and double reheat. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis {a) Single Reheat: From the steam tables (Tables A-4, A-5, and A-6), 

P 6 =10 kPa 1 h 6 = hj- + Xfihjg = 191.81 + (0. 92^2392. l) = 2392.5 kJ/kg 
x 6 = 0.92 ] s 6 = s f + x 6 s fg = 0.6492 + (0.92)(7.4996) = 7.5488 kJ/kg • K 



Any pressure P x selected between the limits of 25 MPa and 2.78 MPa will satisfy the requirements, and can be used for the 
double reheat pressure. 
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10-100 An 150-MW steam power plant operating on a regenerative Rankine cycle with an open feedwater heater is 
considered. The mass flow rate of steam through the boiler, the thermal efficiency of the cycle, and the irreversibility 
associated with the regeneration process are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis 




(< a ) From the steam tables (Tables A-4, A-5, and A-6), 
h = ^/@i okPa = 191.81kJ/kg 
t/ i= t/ /@iokp a = °- oololm3 / k g 

W pl4n= V i P 2 ~P\)lT\p 

= |().00101m 3 /kg|(500- 

= 0.52kJ/kg 
h 2 = + vip| jn = 191.81+0.52 = 19233kJ/kg 


lOkPal 


lkJ 


1 kPa- m 


/(0.95) 


J 


P 3 = 0.5 MPa 
satliquid 


^3 ~h/@ 0.5 MPa “ 640.09 kJ/kg 


c/ 3 =t/ 


f@ 0 


.5 MPa = 0-00 1 093 /kg 


w, 


pH 


! in=i/ 3 (A— P 3 )/r| 


p 


= (0.001093 nr 
= 10.93 kJ/kg 



10,000-500 kPa 


lkJ 


1 kPa • m 3 

h 4 = h 3 + w pII in = 640.09 + 10.93 = 651.02 kJ/kg 


/(0.95) 


P 5 = 10 MPa \ h 5 =3375.1 kJ/kg 
T 5 = 500°C J = 6.5995 kJ/kg • K 


P 6s =0.5 MPa 

^6^ = *^5 


s 6s s 


x 6s = 


/ 6.5995-1.8604 


fg 


4.9603 


= 0.9554 


h 6 , = h f +x 6s h fs = 640.09 + (0.9554)(2108.0) 


'fg 


= 2654.1 kJ/kg 


It = 


^5 

- Ks 


> h 6 = h 5 - ?i T (h 5 -h 6s ) 

= 3375.1 - (0.80X3375.1 - 2654.1) 
= 2798.3 kJ/kg 
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P lc = 1 0 kPa 


S ls - S 5 


?1t = 


^5 

^5 “ h ls 


x is - — = 6,5995 ~ 0-6492 _ Q ?934 
s /g 7.4996 

U 7j =h f +x ls h fg = 191.81 + (0.7934X2392.1) 
^ = 2089.7 kJ/kg 

» A 7 = h 5 - r] T (h 5 - h ls ) 

= 3375.1 - (0.80)(3375.1 - 2089.7) 

= 2346.8 kJ/kg 


The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater 
heaters. Noting that Q = W = A ke = Ape = 0 , 


E - E ~ A F ^0 (steady) _ q 
• L ' in ^ out system J 


E out 

Y^ ,h i h i = 


m 6 h 6 + m 2 h 2 = tn 2 h 2 


yh 6 +{l-y)h 2 = 1 {h 3 ) 


where y is the fraction of steam extracted from the turbine ( = m 6 / m 3 ). Solving fory, 

y-Olzh., 640-09-192.33 
' h 6 -h 2 2798.3-192.33 

Then, q io = h 5 - h 4 = 3375.1 - 651.02 = 2724.1 kJ/kg 

q out =(l- y \h 7 -h x ) = (l- 0.1718X2346.8- 191. 8l) = 1784.7 kJ/kg 
H’net = - <7ou, = 2724.1 - 1784.7 = 939.4 kJ/kg 


^net _ 150,000 kJ/s 
w net 939.4 kJ/kg 


= 159.7 kg/s 


(Z?) The thermal efficiency is determined from 


.^. 1784^ = 34 ,.% 
th 2724.1 kJ/kg 


Also, 


P 6 = 0.5 MPa 
h 6 = 2798.3 kJ/kg 


= 6.9453 kJ/kg -K 


s 3 _ s f @ o.5 MPa _ 1-8604 kJ/kg • K 


s 2 ~ s \ ~ s f @ 10 


kPa = 0.6492 kJ/kg • K 


Then the irreversibility (or exergy destruction) associated with this regeneration process is 

( <^oT 

'regen = Vgen = T 0 X A _ X + = 7 ° ^ “ l 1 “ A2 ] 

V ) 

= (303 K)[l.8604-(0.1718)(6.9453)-(l-0.1718)(0.6492)] 

= 39.25 kJ/kg 
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10-101 An 150-MW steam power plant operating on an ideal regenerative Rankine cycle with an open feedwater heater is 
considered. The mass flow rate of steam through the boiler, the thermal efficiency of the cycle, and the irreversibility 
associated with the regeneration process are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis 




(a) From the steam tables (Tables A-4, A-5, and A-6), 

h\ = hf@ iokPa = 191.81 kJ/k g 
"l =t/ /@i0kPa =0.00101 m 3 /kg 


w 


pi 


.in^lowl) 


= 0.00101 m 



500-10 kPa 


lkJ 


lkPa-m 3 

h 2 =h { + w pI in = 191.81 + 0.50 = 192.30 kJ/kg 
P 3 =0.5 MPa 1 A ~ @ o.5 MPa = 640.09 kJ/kg 


= 0.50 kJ/kg 


sat.liquid 


^3 “ V f @ 0.5 MPa 


= 0.001093 m /kg 


w 


pii 


,in “ (A A ) 



= 0.001093 m /kg 110,000 - 500 kPa 


lkJ 


1 kPa • nr 

h 4 =h 3 + w plI in = 640.09 + 10.38 = 650.47 kJ/kg 

P 5 =10 MPa \h 5 = 3375.1 kJ/kg 
T 5 = 500°C J s 5 = 6.5995 kJ/kg • K 


= 10.38 kJ/kg 


P. = 0.5 MPa 1 * 6 = 


s 6 ~s f 6.5995-1.8604 


5-6 =^ 5 


> 


\fg 


4.9603 


= 0.9554 


h 6 = h f + x 6 h fg = 640.09 + (0.9554X2108.0) = 2654.1 kJ/kg 


Pn = 10 kPa ] *7 = 


S "7 — Si 


s l~ s f 
\fg 


6.5995-0.6492 

7.4996 


= 0.7934 


h 7 = h f +x 7 h f = 191.81 + (0.7934X2392.l) = 2089.7 kJ/kg 


7 T *i n fz 

The fraction of steam extracted is determined from the steady-flow energy equation applied to the feedwater heaters. Noting 
that Q = W = Ake = Ape = 0 , 


b _ rp _ a /7 <^0 (steady) _ + _ + 

^in ^out — LAEj system — u — ^ ^in — ^out 

X = > "*6 /? 6 + '"2^2 = > )’ h 6 + l 1 “ >0 /? 2 = ] ( h 3 ) 

where y is the fraction of steam extracted from the turbine ( = m 6 / m 3 ). Solving fory, 
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640.09 -192.31 
' h 6 -h 2 2654.1-192.31 

Then, q m = h 5 - h A = 3375.1 - 650.47 = 2724.6 kJ/kg 

q out = (l- y\h 2 -\) = (l-0. 1819)(2089.7- 191.8l)= 1552.7 kJ/kg 
w net = q m ~ q out = 2724.6 - 1552.7 = 1 172.0 kJ/kg 



Also, 

s 6 =s 5 =6.5995 kJ/kg -K 

s 3 = s f @ o.5 MPa =1-8604 kJ/kg • K 

s 2 - s i = s f @ io kPa = 0-6492 kJ/kg • K 


Then the irreversibility (or exergy destruction) associated with this regeneration process is 

( <^oT 

'regen = Vgen = T 0 ^ m e S e ~ X m ‘ S * + = T ° ^ “ T 5 6 “ l 1 “ A 2 ] 

l 1l ) 

= (303 K)[l.8604-(0.1819)(6.5995)-(l-0.1819X0.6492)] 

= 39.0 kJ/kg 
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10-102 An ideal reheat-regenerative Rankine cycle with one open feedwater heater is considered. The fraction of steam 
extracted for regeneration and the thermal efficiency of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis {a) From the steam tables (Tables A-4, A-5, and A-6), 


K - hf @ is kPa - 225.94 kJ/kg 



h 4 = h 3 + w pll in = 670.38 + 10.35 = 680.73 kJ/kg 

P 5 = 10 MPa \h 5 = 3375.1 kJ/kg 
T 5 = 500°C j s 5 = 6.5995 kJ/kg • K 


P 6 = 1.0 MPa 

^6 = ^5 


h 6 = 2783.8 kJ/kg 


P 1 = 1.0 MPa )h 7 = 3479.1 kJ/kg 
r 7 = 500°C Js 7 = 7.7642 kJ/kg • K 


P 8 = 0.6 MPa 


Ag = 3310.2 kJ/kg 



P 9 = 15 kPa 

s 9 = s 7 


Xo = 


s 9 -s f 7.7642-0.7549 


'fg 


7.2522 


= 0.9665 


h 9 = h f + x 9 h fs =225.94 + (0.9665X2372.3) = 2518.8 kJ/kg 


L fg 


The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater 
heaters. Noting that Q = W = Ake = Ape = 0 , 

p _ p _ a + <^0 (steady) _ + _ + 

^ in ^ out “ system — v — -C/ out 

= 'Yjn e h e » »V ?8 + ™2 h 2 = > A + 1 1 - y) h i = +3) 

where y is the fraction of steam extracted from the turbine ( = w 8 / m 3 ). Solving for 


/+ - h 2 670.38-226.53 .... 

' \-h 2 3310.2-226.53 

(b) The thermal efficiency is determined from 

q m = (h 5 -h 4 )+ (h 7 -h 6 )= (3375. 1 - 680.73)+ (3479. 1 - 2783.8) =3389.7 kJ/kg 
q mt = (l — y\hg — /?i ) = (i — 0. 1 440 )(25 1-8.8 — 225.94) = 1962.7 kJ/kg 


and 


n th =1 


^out 


= 1 




in 


1962.7 kJ/kg 

3389.7 kJ/kg 


= 42 . 1 % 
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10-103 A nonideal reheat-regenerative Rankine cycle with one open feedwater heater is considered. The fraction of steam 
extracted for regeneration and the thermal efficiency of the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis 




(< a ) From the steam tables (Tables A-4, A-5, and A-6), 

h\ - ^/@ 15 kPa = 225.94 kJ/kg 
u \ =c/ /@i5kPa = 0-001014 m 3 /kg 

W pi, in = V l ( P 2 - P\ ) 

= (0.001014 m 3 /kg)(600-15 kPa 

= 0.59 kJ/kg 
h 2 = /?! + w pI in = 225.94 + 0.59 = 226.54 kJ/kg 

P 3 = 0.6 MPa 1 ^3 = o.6 MPa = 670.38 kJ/kg 

sat. liquid J </ 3 = </ /@ 0 . 6 MPa = 0.001 101 m 3 /kg 


lkJ 


1 kPa -m 


w pII,in ~ ^3 (A A ) 

= (o.OOHOl m 3 

= 10.35 kJ/kg 
h 4 = h 3 + w pIIin = 670.38 + 10.35 = 680.73 kJ/kg 


/kgflO.OOO - 600 kPa 


lkJ 


1 kPa • nr 


\ 


J 


P 5 = 10 MPa \h 5 = 3375.1 kJ/kg 
T 5 = 500°C J s 5 = 6.5995 kJ/kg • K 


P 6s =1.0 MPa 

S 6s = s 5 


h 6s = 2783.8 kJ/kg 


ri T 


h 

h 5 


-K 

~ h s 


>/?6= /?5 -r\ T (h 5 - h 6s ) 

= 3375.1 - (0.84)(3375.1 - 2783.8) 
= 2878.4 kJ/kg 


P 7 = 1.0 MPa 1 hq = 3479.1 kJ/kg 
Tq = 500°C }sq = 7.7642 kJ/kg • K 


P 8s = 0.6 MPa 

S 8s = s 7 


h% s =3310.2 kJ/kg 


% 


^7 ^8 

hi ~ h 8s 


» / ?8 = ^ - r\ T {hq - /jgJ = 3479. 1 - (0.84)(3479.1 - 3310.2) 
= 3337.2 kJ/kg 
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> S9s-s f 7.7642-0.7549 _ . _ _ c 

f- kPa }** 7.2522 ° 09665 

Sl > h 9s =h f +x 9s h fg = 225.94 + (0.9665)(2372.3) = 2518.8 kJ/kg 


tIt = 


h 1 h 9 

hi - h 9s 


h 9 =h 7 - ij T (h 7 - h 9s ) = 3479. 1 - (0.84X3479. 1-2518.8) 
= 2672.5 kJ/kg 


The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater 
heaters. Noting that Q = W = Ake = Ape = 0 , 


f. -E -A F <^0 (steady) _ Q 

^ out system J 


E m = E out 

Yj fh i h ' = 


m 8 /z 8 + m 2 h 2 = 


yh s +(l-y)h 2 = 1 0 3 ) 


where y is the fraction of steam extracted from the turbine ( = m 8 / m 3 ). Solving for y, 


*3-^ _ 670.38-226.53 _ Q1127 
J A 8 -/! 2 3335.3-226.53 


(Z?) The thermal efficiency is determined from 

7,n = fe “ * 4 ) + ( /? 7 - ^6 ) 

= (3375. l-680.73)+(3479. 1-2878.4)= 3295.1 kJ/kg 
9out = (l - )’\h 9 -/?,)= (l - 0.1427)(2672.5 - 225.94) = 2097.2 kJ/kg 


, lt . 1 - igl . 1 - 2097 2 tJ,tg . 36.4% 

g in 3295.1 kJ/kg 
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10-104 A steam power plant operating on the ideal reheat-regenerative Rankine cycle with three feedwater heaters is 
considered. Various items for this system per unit of mass flow rate through the boiler are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


10-109 


High-P 



Analysis The compression processes in the pumps and the expansion processes in the turbines are isentropic. Also, the state 
of water at the inlet of pumps is saturated liquid. Then, from the steam tables (Tables A-4, A-5, and A-6), 

h x =1 68.75 kJ/kg 
h 2 =168.84 kJ/kg 
h 3 =417.51 kJ/kg 
h 4 =419.28 kJ/kg 
h 5 =884.46 kJ/kg 
h 6 =885.86 kJ/kg 
h 9 =1008.3 kJ/kg 
h xo =101 1.8 kJ/kg 

For an ideal closed feedwater heater, the feedwater is heated to the exit temperature of the extracted steam, which ideally 
leaves the heater as a saturated liquid at the extraction pressure. Then, 

Pi 
Pi 

Pu 
Pu 

Enthalpies at other states and the fractions of steam extracted from the turbines can be determined from mass and energy 
balances on cycle components as follows: 

Mass Balances: 

x + y + z = 1 
m + n — z 

Open feedwater heater: 

m/z 18 + nh 2 = zh 3 
Closed feedwater heater-II: 

zh 4 + yh X5 = zh 7 + yh 5 


= 1800kPa 
= T 5 = 207. 1°C 

= 3000 kPa 
= T Q = 233. 9°C 


h 7 = 884.91 kJ/kg 


h n = 1008.8 kJ/kg 


h X3 =3423.1 kJ/kg 
h X4 =3204.5 kJ/kg 
h X5 =3063.6 kJ/kg 
h X6 =2871.0 kJ/kg 
h xl =348 1.3 kJ/kg 
h x% =2891.5 kJ/kg 
h X9 =2454.7 kJ/kg 
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Closed feedwater heater-I: 

(y + z)h% + xh l4 = (y + z)h u + xh 9 
Mixing chamber after closed feedwater heater II: 
z/? 7 + yh 6 = (y + z)h s 


Mixing chamber after closed feedwater heater I: 
xh w +(y + z)h u =1 h l2 

Substituting the values and solving the above equations simultaneously using EES, we obtain 

h & = 885.08 kJ/kg 
h u =1009.0 kJ/kg 

x = 0.05334 
y = 0.1667 
z = 0.78000 

m = 0.071 24 
n = 0.70882 

Note that these values may also be obtained by a hand solution by using the equations above with some rearrangements and 
substitutions. Other results of the cycle are 

w T,out,HP = - T (*i3 _ * 14 ) + y(h 13 - * 15 ) + z (*i3 - * 16 ) = 502.3 kJ/kg 
w T,out,LP = - h l& ) + n{h \ 7 — /? 19 ) = 769.6 kJ/kg 

?in = *13 - *12 + z (*17 - *16 ) = 2890 kJ/kg 

9out = «(*i 9 - * 1 ) = 1 620 kJ/kg 

n = l - = l _ i®?®. = 0.4394 = 43.9% 

?i„ 2890 
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10-105 



The optimum bleed pressure for the open feedwater heater that maximizes the thermal efficiency of the cycle 


is to be determined using EES. 

Analysis The EES program used to solve this problem as well as the solutions are given below. 


"Given" 

P_boiler=6000 [kPa] 

P_cfwh 1=3000 [kPa] 

P_cfwh2=1800 [kPa] 

P_reheat=800 [kPa] 

"P_ofwh=100 [kPa]" 

P_condenser=7.5 [kPa] 

T_turbine=500 [C] 

"Analysis" 

Fluid$- steamjapws' 

"turbines" 

h[13]=enthalpy(Fluid$, P=P_boiler, T=T_turbine) 
s[13]=entropy(Fluid$, P=P_boiler, T=T_turbine) 
h[14]=enthalpy(Fluid$, P=P_cfwh1, s=s[13]) 
h[1 5]=enthalpy(Fluid$, P=P_cfwh2, s=s[13]) 
h[16]=enthalpy(Fluid$, P=P_reheat, s=s[13]) 
h[17]=enthalpy(Fluid$, P=P_reheat, T=T_turbine) 
s[17]=entropy(Fluid$, P=P_reheat, T=T_turbine) 
h[1 8]=enthalpy(Fluid$, P=P_ofwh, s=s[17]) 
h[19]=enthalpy(Fluid$, P=P_condenser, s=s[17]) 

"pump I" 

h[1]=enthalpy(Fluid$, P=P_condenser, x=0) 
v[1]=volume(Fluid$, P=P_condenser, x=0) 
w_pl_in=v[1]*(P_ofwh-P_condenser) 
h[2]=h[1]+w_pl_in 

"pump II" 

h[3]=enthalpy(Fluid$, P=P_ofwh, x=0) 
v[3]=volume(Fluid$, P=P ofwh, x=0) 
w_pll_in=v[3]*(P_cfwh2-P_ofwh) 
h[4]=h[3]+w_pll_in 

"pump III" 

h[5]=enthalpy(Fluid$, P=P cfwh2, x=0) 
T[5]=temperature(Fluid$, P=P cfwh2, x=0) 
v[5]=volume(Fluid$, P=P cfwh2, x=0) 
w_plll_in=v[5]*(P_cfwh1-P_cfwh2) 
h[6]=h[5]+w_plll_in 

"pump IV" 

h[9]=enthalpy(Fluid$, P=P cfwh1 , x=0) 
T[9]=temperature(Fluid$, P=P cfwh1 , x=0) 
v[9]=volume(Fluid$, P=P cfwh1 , x=0) 
w_p4_in=v[5]*(P_boiler-P_cfwh1 ) 
h[1 0]=h[9]+w_p4 Jn 

"Mass balances" 

x+y+z=1 

m+n=z 
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"Open feedwater heater" 
m*h[18]+n*h[2]=z*h[3] 

"closed feedwater heater 2" 

T[7]=T[5] 

h[7]=enthalpy(Fluid$, P=P_cfwh1, T=T[7]) 
z*h[4]+y*h[1 5]=z*h[7]+y*h[5] 

"closed feedwater heater 1" 

T[11]=T[9] 

h[1 1]=enthalpy(Fluid$, P=P_boiler, T=T[11]) 

(y+z)*h[8]+x*h[1 4]=(y+z)*h[1 1 ]+x*h[9] 

"Mixing chamber after closed feedwater heater 2" 
z*h[7]+y*h[6]=(y+z)*h[8] 


"Mixing chamber after closed feedwater heater 1" 
x*h[10]+(y+z)*h[1 1]=1*h[12] 

"cycle" 

w T_out_high=x*(h[1 3]-h[1 4])+y*(h[1 3]-h[1 5])+z*(h[1 3]-h[1 6]) 
w T_out_low=m*(h[1 7]-h[1 8])+n*(h[1 7]-h[1 9]) 
q_in=h[1 3]-h[1 2]+z*(h[1 7]-h[1 6]) 

q out=n*(h[1 9]-h[1 ]) 

Eta_th= 1 -q_out/q_i n 


!» 

52= 

Q. 

nth 

10 

0.429828 

20 

0.433780 

30 

0.435764 

40 

0.436978 

50 

0.437790 

60 

0.438359 

70 

0.438768 

80 

0.439065 

90 

0.439280 

100 

0.439432 

110 

0.439536 

120 

0.439602 

130 

0.439638 

140 

0.439647 

150 

0.439636 

160 

0.439608 

170 

0.439565 

180 

0.439509 

190 

0.439442 

200 

0.439367 

210 

0.439283 

220 

0.439192 

230 

0.439095 

240 

0.438993 

250 

0.438887 

260 

0.438776 

270 

0.438662 

280 

0.438544 

290 

0.438424 

300 

0.438301 
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10-106 A cogeneration plant is to produce power and process heat. There are two turbines in the cycle: a high-pressure 
turbine and a low-pressure turbine. The temperature, pressure, and mass flow rate of steam at the inlet of high-pressure 
turbine are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From the steam tables (Tables A-4, A-5, and A-6), 


P 4 = 1.4 MPa U 4 = h g@ 1.4 MPa = 2788.9 kJ/kg 
sat. vapor J s 4 = s g @ 14 MPa = 6.4675 kJ/kg • K 


P 5 =10 kPa 

S 5s = S 4 


x 5 s = 



6.4675 - 0.6492 
7.4996 


0.7758 


h 5s = h f +*5 s h fg 

= 191.81 + (0.7758X2392.1) = 2047.6 kJ/kg 




> h 5 =h 4 -ri T (h 4 -h 5s ) 

= 2788.9 - (0.60)(2788.9 - 2047.6) 
= 2344. 1 kJ/kg 



and 


w tU rb,iow =h 4 -h 5 = 2788.9 - 2344.1 = 444.8 kJ/kg 


^turbjl 800 kJ/s . 

^lowturb = = "Y", A ' a \ =1-799 kg/s = 107.9 kg/min 


Therefore , 


w turb,iow 444.8 kJ/kg 


"'total = 1000 + 108 = 1 108 kg/min = 18.47 kg/s 


W, 


W 


turb ,/ 


1000 kJ/s 


turb, high 


= 54.15 kJ/kg = ^3 -It 


high. turb !8-47 kg/s 

/?3 = w turb?high + h 4 = 54. 15 + 2788.9 = 2843.0 kJ/kg 


h 3 - h 4 

h 3 ~ h 4s 


P 4s =1.4 MPa 

S 4s = s 3 



> 3 “(*3 ~ h 4 )/'7r 

= 2843.0 - (2843.0 - 2788.9)/(0.75) 

= 2770.8 kJ/kg 

h 4s ~ h f 2770.8-829.96 Q ^ 
h fg 1958.9 

= s f + x 4s s fg = 2.2835 + (0.9908)(4.1840) 


= 6.4289 kJ/kg -K 


Then from the tables or the software, the turbine inlet temperature and pressure becomes 


/t, = 2843.0 kJ/kg | P 3 = 2 MPa 
.S' 3 = 6.4289 kJ/kg • K j r 3 = 227.5°C 
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10-107 A cogeneration plant is to generate power and process heat. Part of the steam extracted from the turbine at a 
relatively high pressure is used for process heating. The rate of process heat, the net power produced, and the utilization 
factor of the plant are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 




Analysis From the steam tables (Tables A-4, A-5, and A-6), 

K ~ hf@ 20 kPa = 25 1.42 kJ/kg 
= v f® 20kPa =0.001017 m 3 /kg 

Wpl,in =^{p 2 - P\ ) I t) p 

= (o.001017 m 3 /kg)(2000-20kPa 
= 2.29 kJ/kg 
h 2 = A, + vv pUn = 251.42 + 2.29 = 253.71 kJ/kg 

^3 = hf @ 2 MPa = 908.47 kJ/kg 


lkJ 


1 kPa -m 


/ 0.88 


Mixing chamber: 


m 3 /z 3 + m 2 h 2 = m 4 h 4 

(4 kg/s)(908.47 kJ/kg) + (11-4 kg/s)(253.71 kJ/kg)) - (1 1 kg/s )h 4 
^4 - Vf @ h f =491.81 kJ/kg = 0.001058 m /kg 


>h 4 = 491.81 kJ/kg 


WpII.in = V 4 {P 5 -P 4 )/t] p 

= (o. 001058 m 3 /kg)(8000 -2000 kPa 
= 7.21 kJ/kg 
h 5 = h 4 + w p n , in = 491.81 + 7.21 = 499.02 kJ/kg 

P 6 = 8 MPa 1 h 6 = 3399.5 kJ/kg 
T 6 = 500°C J s 6 = 6.7266 kJ/kg • K 


1 kJ 


1 kPa • nr 


/ 0.88 


P-j = 2 MPa 

^7 =^ 6 


h ls = 3000.4 kJ/kg 


-h- 


tit = 


h* -h 


>h 7 =h 6 -rj T (h t 


Is 


- h 7s ) = 3399.5 - (0.88X3399.5 - 3000.4) = 3048.3 kJ/kg 


P 8 = 20 kPa 
^8 = ^6 


h% s =2215.5 kJ/kg 
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h - h 

rj T = — - > h & =h 6 - ii T {h 6 -h Ss )= 3399.5 - (0.88)(3399.5 - 22 15.5) = 2357.6 kJ/kg 

K ~h Ss 

Then, 

^process = m 7 {h 7 ~ >h ) = (4 kg/s)(3048.3 - 908.47) kJ/kg = 8559 kW 


(b) Cycle analysis: 

^T, ou t = ( h 6 -h 7 )+ m s {h 6 - h s ) 

= (4 kg/s)(3399.5 - 3048.3)kJ/kg + (' 7 kg/s)(3399.5 - 2357.6)kJ/kg 
= 8698 kW 

^p,in = WiW pUn +rh 4 w pUM = (7 kg/s X2. 2 9 kJ/kg)+(ll kg/s)(7.21 kJ/kg) = 95 kW 
= W Tjml - W vM = 8698 - 95 = 8603 kW 

(c) Then, 

fin = m 5 ( h 6 - h 5 ) = (1 1 kg/s)(3399.5 - 499.02) = 3 1,905 kW 
and 

= W*x + gprocess = 8603 + 8559 = Q ^ = 53 . g% 
fi„ 31,905 
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10-108E A combined gas-steam power cycle uses a simple gas turbine for the topping cycle and simple Rankine cycle for 
the bottoming cycle. The thermal efficiency of the cycle is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable for Brayton cycle. 3 
Kinetic and potential energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 0.240 Btu/lbm-R and k = \A (Table A-2Ea). 

Analysis Working around the topping cycle gives the following results: 



^9 - ^sat @ 800 psia + 50 - 978.3 R + 50 - 1028 R 
Fixing the states around the bottom steam cycle yields (Tables A-4E, A-5E, A-6E): 
h \ = h f@ Spsia = 130.18 Btu/lbm 
v i =«'/@ Spsia = 0.01641 ft 3 /lbm 


w 


p,m 


= v x {P 2 -P x ) 

= (0.0 1 64 1 ft 3 /lbm)(800 - 5)psia 
= 2.41 Btu/lbm 


1 Btu 


\ 


1^5.404 psia - ft 3 J 


h 2 =h x + w pin = 130.18 + 2.41 = 132.59 Btu/lbm 


P 3 — 800 psia | h 3 = 1270.9 Btu/lbm 
r 3 zz 600°F J s 3 =l .4866 Btu/lbm • R 


P 4 =5 psia 

^4 = ^3 


h As = 908.6 Btu/lbm 


7!t = 


h 3 -h 4 


>h 4 =h 2 —tj t (h 3 - h 4s ) 

= 1270.9 - (0.95)(1270.9 -908.6) 
= 926.7 Btu/lbm 


The net work outputs from each cycle are 

^ net, gas cycle — ^T,out — ^C,in 

= c p(Tl ~Ps)~ c p(P6 _ ^ 5 ) 

= (0.240 Btu/lbm • R)(2560 - 1449 - 1099 + 540)R 
= 132.5 Btu/lbm 
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^net, steam cycle ^T,out ^P,in 

= (h 3 -h 4 )-w Pin 
= (1270.9 -926.7) -2.41 
= 341.8 Btu/lbm 

An energy balance on the heat exchanger gives 

= (0.240X1449-1028) =Q 
1270.9-132.59 

That is, 1 lbm of exhaust gases can heat only 0.08876 lbm of water. Then the heat input, the heat output and the thermal 
efficiency are 

fh 

q in =^c (T 7 - r 6 ) = (0.240 Btu/lbm -R)(2560-1099)R = 350.6 Btu/lbm 
m a 

ffl III 

q onl =—C p (T 9 -T 5 ) + ^{h A -h x ) 
m a m a 

= 1 x (0.240 Btu/lbm • R)(1028 - 540)R + 0.08876 x (926.7 - 130. 18) Btu/lbm 
= 187.8 Btu/lbm 


™a c P ( T $ ~T 9 ) = m w (h 3 -h 2 ) 


= 


c p (Tfi -Tg) . 

m, 

h,-h. 


rj =i_^ = i_l^Zl = 0.4643 

q m 350.6 
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10-109E A combined gas-steam power cycle uses a simple gas turbine for the topping cycle and simple Rankine cycle for 
the bottoming cycle. The thermal efficiency of the cycle is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable fo Brayton cycle. 3 Kinetic 
and potential energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are 
c p = 0.240 Btu/lbm-R and £=1.4 (Table A-2Ea). 

Analysis Working around the topping cycle gives the 
following results: 




r p \(k-\)/k 


\ P 5 J 


= (540 R)(10)°' 4/1 ' 4 = 1043 R 


hs~ h 5 
TJr = : 

K~h s 
>t 6 =r 5 


C p ^ 6s ^ 5 ) 

c p (T 6 -T 5 ) 

Tqs-Ts 

Vc 


= 540 + 1043 ~^ 40 -1Q99R 
0.90 


T*s =Ti 


r p \^-Wk 


J 


= (2560 R) 


r ^ ^ 0 . 4 / 1.4 

Vl0y 


= 1326 R 



^7 ^8 

hi -h% s 


C P (T 7 -T 8 ) 
c P (Ti ~T Ss ) 


> r 8 - r? tj t (t 7 t Ss ) 

= 2560 -(0.90)(2560- 1326) 
= 1449 R 


T 9 = ^sat@800 P sia + 50 = 978.3 R + 50 = 1028 R 
Fixing the states around the bottom steam cycle yields (Tables A-4E, A-5E, A-6E): 
h \ = h f@ lOpsia = 161.25 Btu/lbm 
v i = v /@ lOpsia =0.01659 ft 3 /lbm 


w 


p,m 


h 2 


= v x {P 2 -Px) 

= (0.01659 ft 3 /lbm)(800 - 1 0)psia 
= 2.43 Btu/lbm 


1 Btu 


5.404 psia-ft 3 
= h \ + w p,in - 161.25 + 2.43 = 163.7 Btu/lbm 


\ 


J 


P 3 = 800 psia 
T 3 = 600°F 

P 4 = lOpsia 

> 

S 4 = s 3 


h 3 =1270.9 Btu/lbm 
s 3 = 1.4866 Btu/lbm- R 

h 4s = 946.6 Btu/lbm 


h 3 -h 4 
^ ~h As 


>/j 4 =h 3 —tj t ( h 3 -h 4s ) 

= 1270.9 - (0.95)(1270.9 -946.6) 
= 962.8 Btu/lbm 


The net work outputs from each cycle are 
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^net, gas cycle ^T,out ^C,in 

~ c p^Ji ~T%)~ C p(T(, -T 5 ) 

= (0.240 Btu/lbm • R)(2560 - 1449 - 1099 + 540)R 
= 132.5 Btu/lbm 


^net, steam cycle ^T,out ^P,in 

= (/?3 - h 4)~ W P,m 

= (1270.9-962. 8) -2.43 
= 305.7 Btu/lbm 


An energy balance on the heat exchanger gives 


>»a c p ( 7 8 - 7 9) = '» w ( /? 3 ~ h l) 



c p (T 8 ~T 9 ) . 

171 a 

h 3 ~h 2 


(0.240)(1449-1028) 

1270.9-163.7 


0.0912 6m a 


That is, 1 lbm of exhaust gases can heat only 0.09126 lbm of water. Then the heat input, the heat output and the thermal 
efficiency are 


jfi 

q m = — —c (T 1 - T 6 ) = (0.240 Btu/lbm R)(2560-1099)R = 350.6 Btu/lbm 

m a 

Hi 171 

9 out =^c p {T 9 -T 5 ) + ^(h A -h x ) 

m a m a 

= 1 x (0.240 Btu/lbm • R)(1028 - 540)R + 0.09126 x (962.8 - 161 .25) Btu/lbm 


= 190.3 Btu/lbm 


Vth 


x g ou t_ 1 190.3 
q m 350.6 


0.4573 


When the condenser pressure is increased from 5 psia to 10 psia, the thermal efficiency is decreased from 0.4643 to 0.4573. 
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10-1 10E A combined gas-steam power cycle uses a simple gas turbine for the topping cycle and simple Rankine cycle for 
the bottoming cycle. The cycle supplies a specified rate of heat to the buildings during winter. The mass flow rate of air and 
the net power output from the cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air- 
standard assumptions are applicable to Brayton cycle. 3 Kinetic 
and potential energy changes are negligible. 4 Air is an ideal gas 
with constant specific heats. 

Properties The properties of air at room temperature are 
c p = 0.240 Btu/lbm-R and £=1.4 (Table A-2Ea). 

Analysis The mass flow rate of water is 


m w = 


^buildings 


2x10° Btu/h 


h 4 - h x (962.8 - 161 .25) Btu/lbm 
The mass flow rate of air is then 


= 2495 lbm/h 


m 


a 


0.09126 


2495 

0.09126 


= 27,340 lbm/h 


The power outputs from each cycle are 

^net, gas cycle — ™ a (^T,out — ^C,in ) 

= ™a C p ( T 1 ~ T Z ) " ™a C p ( T 6 ~ T 5 ) 



= (27,340 lbm/h)(0.240 Btu/lbm • R)(2560 - 1449 - 1 099 + 540)R 


lkW 


3412.14 Btu/h 


\ 

/ 


= 1 062 kW 


^net, steam cycle m a {yv T,out ^P,in ) 

= m a (h 3 — h 4 — w p ^ ) 


= (2495 lbm/h)(1270.9 -962.8 - 2.43) 
= 224 kW 


lkW 


3412. 14 Btu/h 


The net electricity production by this cycle is then 
W net = 1 062 + 224 = 1 286 kW 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without pennission. 



10-121 


10-111 A combined gas-steam power plant is considered. The topping cycle is an ideal gas-turbine cycle and the bottoming 
cycle is an ideal reheat Rankine cycle. The mass flow rate of air in the gas-turbine cycle, the rate of total heat input, and the 
thermal efficiency of the combined cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal gas 
with variable specific heats. 



h 2 =h { + w pl in = 191.81 + 12.62 = 204.42 kJ/kg 

P 3 = 12.5 MPa U 3 =3343.6 kJ/kg 
r 3 = 500°C ]s 3 = 6.465 1 kJ/kg • K 


P 4 = 2.5 MPa 

s 4 = S 3 


|*4 = 2909.6 kJ/kg 


P 5 = 2.5 MPa U 5 = 3574.4 kJ/kg 
T 5 = 550°C \s 5 = 7.4653 kJ/kg • K 


P 6 =10kPa 
s 6 =^5 


= 


*6 -s f 7.4653-0.6492 


fg 


7.4996 


= 0.9089 


h 6 = h f + x 6 h fg = 191.81 + (0.9089X2392. l)= 2365.8 kJ/kg 


Noting that Q = W = Ake = Ape = 0 for the heat exchanger, the steady-flow energy balance equation yields 


^in — -^out 


■> X ,hihi = X '"<A > _ /? 2 ) = '”air ( /? 10 “ *1 1 ) 


h-, - h- 


m.* = — — -(it. = 3343.6 20442 ( 12 k g/s )= 153.9 kg/s 


air 


h l0 h n 


768.38-523.63 


( b ) The rate of total heat input is 

2in — Sair 2 reheat — ^air 9 — ^8 ) + ^reheat (^5 — ^4 ) 

= (153.9 kg/s)(l515.42 - 630.18) kJ/kg + (l2 kg/sX3574.4 - 2909.6)kJ/kg 
= 144,200 kW 

= 1.44 x 10 5 kW 


(c) The rate of heat rejection and the thermal efficiency are then 

Sout = Cout.air + Cout, steam = ™air ( h \ \~ h l)+ ( K ~ h \ ) 

= (153.9 kg/sX523.63 - 310.24) kJ/kg + (12 kg/sX2365.8- 191.81) kJ/kg 
= 58,930 kW 


gout x 58,930 kW 

Q m 144,200 kW 


= 0.5913 = 59.1% 
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10-112 A combined gas-steam power plant is considered. The topping cycle is a gas-turbine cycle and the bottoming cycle 
is a nonideal reheat Rankine cycle. The mass flow rate of air in the gas-turbine cycle, the rate of total heat input, and the 
thermal efficiency of the combined cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal gas 
with variable specific heats. 


Analysis {a) The analysis of gas cycle yields (Table A- 17) 
r 7 = 290 K — 


R. = 


R 


8.9 


R 


-> h 7 =290.16 kJ/kg 
R. = 1.2311 


P r = (8)(l.231l)= 9.849 > h Ss = 526.12 kJ/kg 


7 


_ Ks h 7 
Ac - ~ — 

h 8 "7 


T q = 1400 K 


-> h s =h 7 +(h Ss -h 7 )/r\ c 

= 290. 16 + (526.12 - 290. 16)/(0.80) 
= 585.1 kJ/kg 


■» h 9 =1515.42 kJ/kg 
P. = 450.5 


R = 


_ ^ 10.9 


10.? 


P n 


P,= 


v8y 


(450.5) = 56.3 > h Ws = 860.35 kJ/kg 


Or = 


^9 hw 

^9 - s 


■>/7j 0-/79 Or (^9 \( 9 s ) 

= 1515.42 -(0.85)(l515.42 -860.35) 
= 958.4 kJ/kg 



T n = 520 K » h u = 523.63 kJ/kg 


From the steam tables (Tables A-4, A-5, and A-6), 


h\ ~ hf @ 10 kPa -191.81 kJ/kg 

= <7 @ 10 kPa =0.00101 m 3 /kg 


w, 


pi 


,in “ ^1 (^2 ^1 ) 



Vl 5,000 - 10 kPa| 

1 kJ " 

/\ / 

v 1 kPa • m 3 J 


= 15.14 kJ/kg 
h 2 = h x + w pl in =191.81 + 15.14 = 206.95 kJ/kg 


R 3 = 15 MPa )h 3 =3157.9 kJ/kg 
r 3 = 450°C J s 3 = 6.1428 kJ/kg • K 


P 4 = 3 MPa 

^4.9 “ ^3 


* 4.9 = 


s 4s -s f 6.1434-2.6454 


\fg 


3.5402 


= 0.9880 


h 4s = h f +x 4s h fg = 1008.3 + (0.9879X1794.9) = 2781.7 kJ/kg 


fg 


A T 


h 3 - h 4 

h 3 ~ K 



h 3 r\ T (h 3 h 4s ) 

3157.9 - (0.85)(3 157.9 -2781.7) 
2838.1 kJ/kg 
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P 5 = 3 MPal h 5 = 3457.2 kJ/kg 
T 5 = 500°C J s 5 = 7.2359 kJ/kg • K 


P 6 = 10 kPa 

S 6s “ ^ 


x 6s = 


s 6s -s f 7.2359-0.6492 


7s 


7.4996 


= 0.8783 


h 6s =h f +x 6s h fs = 191.81 + (0.8782)(2392.l)= 2292.8 kJ/kg 


l fs 


h ~ K 

h 5 ~ Ks 


> h 6 =h 5 -r\ T {h 5 -h 6s ) 

= 3457.2 - (0.85X3457.2 - 2292.8) 
= 2467.5 kJ/kg 


Noting that Q = W = Ake = Ape = 0 for the heat exchanger, the steady-flow energy balance equation yields 


E - E -A F (steady) - 0 

-^out — system — w 

E{ n = ^out 

Y,' h i h i = Z/"<A » ™ s ( f h-h 2 ) = m ak (h 10 -h u ) 


"'air = 


>h - h 2 
h\o ~ \] 


m. 


3157.9-206.95 

958.4-523.63 


(30 kg/s) = 203.6 kg/s 


(b) Q in = (?air + Preheat = "'air i h 9 ~ >h )+ "''reheat i h 5 ~ h 4 ) 

= (203.6 kg/sXl515.42-585.l)kJ/kg + (30kg/sX3457.2-2838.l)kJ/kg 

= 207,986 kW 


( c ) Sout = £? out, air + C?out, steam = "'air ( /j l 1 “ *7 )+ ,il s (h ~ Aj ) 

= (203.6 kg/s)(523.63 - 290. 16) kJ/kg + (30 kg/s)(2467.5 - 191.8 1) kJ/kg 
= 1 15,805 kW 


7* 


Qm 


1 15,805 kW 
207,986 kW 


= 44.3% 
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10-113 A Rankine steam cycle modified with two closed feedwater heaters and one open feed water heater is considered. 
The T-s diagram for the ideal cycle is to be sketched. The fraction of mass extracted for the open feedwater heater y and the 
cooling water flow temperature rise are to be determined. Also, the rate of heat rejected in the condenser and the thermal 
efficiency of the plant are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis ( b ) Using the data from the problem statement, 
the enthalpies at various states are 


h\ = hf @20 kPa = 25 1 kJ/kg 
^15 = ^3 = h\4 = hf @140 kPa =458 kJ/kg 
^4 = @620 kPa =676 kJ/kg 

^6 = ^12 = @1910 kPa = ^98 kJ/kg 

An energy balance on the open feedwater heater gives 
yh 9 + (1 - y)h 3 = \h 4 

where z is the fraction of steam extracted from the low-pressure 
turbine. Solving for z, 


y = 


h 4 -h 3 


676-458 


= 0.08086 


h 9 -h 3 3154-458 

(c) An energy balance on the condenser gives 

m 7 [(l-w-y-z)h n +(w+z)h l 5 -(\-y)h x ]=m w (h w2 



h W 2) = m w Cp W AT w 


Solving for the temperature rise of cooling water, and substituting with correct units, 
rh 7 [(l-w-y-z)h M +{w + z)h X5 ~(\-y)h x ] 


A T = 


w 


m w c pw 


(100)[(1 - 0.0830 - 0.08086 - 0.0655)(2478) + (0.0830 + 0.0655)(458) - (1 - 0.08086)(251X 

(4200)(4.18) 

= 9.95°C 

(d) The rate of heat rejected in the condenser is 

2out - <c pw AT w = (4200 kg/s)(4. 18 kJ/kg • °C)(9.95°C) = 174,700 kW 


The rate of heat input in the boiler is 

Q [n =m(h 7 - h 6 ) = (1 00 kg/s)(3 900 -898) kJ/kg = 300,200 kW 
The thermal efficiency is then 


Hxh =1 


(Jo, 

Qin 


174,700 kW 
300,200 kW 


0.418 = 41.8% 
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10-114 A Rankine steam cycle modified for reheat, two closed feedwater heaters and a process heater is considered. The T-s 
diagram for the ideal cycle is to be sketched. The fraction of mass, w, that is extracted for the closed feedwater heater is to 
be determined. Also, the mass flow rate through the boiler, the rate of process heat supplied, and the utilization efficiency of 
this cogeneration plant are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (b) Using the data from the problem statement, the enthalpies at various states are 

\ ~ hf @ 20 kPa = 25 1 .4 kJ/kg 
u \ ~ (/ /@20kPa =0.00102 m 3 /kg 

pi, in “ v \ (^2 “ ^1 ) 

= (0.00102 m 

= 5.1 kJ/kg 


w 



5000 - 20 kPa 


lkJ 


1 kPa • m 3 


h 2 =h\ + w pI in = 25 1 .4 + 5. 1 = 256.5 kJ/kg 
245 kPa =533 kJ/kg 


h u - h X2 - hf 


h A —h\z —h\A —h 


15 “ "14 _ n f@ 1400 


kPa =830 kJ/kg 


^3 - ^16 - @150 kPa - 467 kJ/kg 


An energy balance on the closed feedwater heater gives 
1 h 2 + w/z 10 + zh X3 + yh X5 = 1 h 3 + (y + z + w)h X6 
where w is the fraction of steam extracted from the low-pressure turbine. Solving for z, 
O 3 - h i ) + O + z ) h n - zh n - y h 15 



W = 


^10 ^16 

_ (467 - 256.5) + (0.1 160 + 0.15)(467) - (0.15)(533) - (0.1 160)(830) 

3023 - 467 

= 0.0620 

(c) The work output from the turbines is 

w T,out = h 5 - y h 6 -(!- y) h i +0- y)h 8 - zh 9 - wh l0 - (1 - y - z - w)h x x 
= 3894 - (0.1 160)(3400) - (1 - 0.1 160)(3349) 

+ (1-0.11 60)(3692) -(0.1 5)(3 1 54) - (0.0620)(3023) - (1 - 0. 1 1 60 - 0. 1 5 - 0.0620)(2620) 
= 1381.6 kJ/kg 

The net work output from the cycle is 

w net = w T,out _ w P,in = 1381.6 — 5.1 = 1376.5 kJ/kg 
The mass flow rate through the boiler is 


m = 


W t 300,000 kW 


21 7.9 kg/s 




net 1376.5 kJ/kg 
The rate of heat input in the boiler is 

2 in = - h A ) + (\- y)m(hg - h 7 ) 

= (217.9 kg/s)(3894 - 830) kJ/kg + (1 - 0.1 160)(2 17.9 kg/s)(3692 - 3349) kJ/kg 
= 733,700 kW 

The rate of process heat and the utilization efficiency of this cogeneration plant are 

^process = z ™( h 9 ~ h n ) = (0.15)(217.9 kg/s)(3 1 54 - 533) kJ/kg = 85,670 kW 


= 


+e, + Q 


process 


Qi n 


(300,000 + 85,670) kW 
733,700 kW 


= 0.526 = 52.6% 
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The effect of the condenser pressure on the performance a simple ideal Rankine cycle is to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


function x4$(x4) "this function returns a string to indicate the state of steam at point 4" 
x4$=" 

if (x4>1) then x4$='(superheated)' 
if (x4<0) then x4$='(compressed)' 
end 

P[3] = 10000 [kPa] 

T[3] = 550 [C] 

"P[4] = 5 [kPa]" 

Eta_t = 1.0 "Turbine isentropic efficiency" 

Eta_p = 1 .0 "Pump isentropic efficiency" 

"Pump analysis" 

Fluid$- Steam JAPWS' 

P[1] = P[4] 

P[2]=P[3] 

x[1]=0 "Sat'd liquid" 
h[1]=enthalpy(Fluid$,P=P[1],x=x[1]) 
v[1]=volume(Fluid$,P=P[1],x=x[1]) 
s[1]=entropy(Fluid$,P=P[1],x=x[1]) 

T[1]=temperature(Fluid$,P=P[1],x=x[1]) 

W_p_s=v[1]*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume" 
W_p=W_p_s/Eta_p 

h[2]=h[1]+W p "SSSF First Law for the pump" 
s[2]=entropy(Fluid$,P=P[2],h=h[2]) 

T[2]=temperature(Fluid$,P=P[2],h=h[2]) 

"Turbine analysis" 
h[3]=enthalpy(Fluid$,T=T[3],P=P[3]) 
s[3]=entropy(Fluid$,T=T[3],P=P[3]) 
s_s[4]=s[3] 

hs[4]=enthalpy(Fluid$,s=s_s[4],P=P[4]) 

Ts[4]=temperature(Fluid$,s=s_s[4],P=P[4]) 

Eta_t=(h[3]-h[4])/(h[3]-hs[4])"Definition of turbine efficiency" 

T[4]=temperature(Fluid$,P=P[4],h=h[4]) 

s[4]=entropy(Fluid$,h=h[4],P=P[4]) 

x[4]=quality(Fluid$,h=h[4],P=P[4]) 

h[3] =W_t+h[4]"SSSF First Law for the turbine" 

x4s$=x4$(x[4]) 

"Boiler analysis" 

QJn + h[2]=h[3]"SSSF First Law for the Boiler" 

"Condenser analysis" 

h[4]=Q_out+h[1]”SSSF First Law for the Condenser" 

"Cycle Statistics" 

W_net=W_t-W_p 
Eta th=W net/Q in 
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p 4 

[kPa] 

11th 

w net 

[kJ/kg] 

5 

0.4268 

1432 

15 

0.3987 

1302 

25 

0.3841 

1237 

35 

0.3739 

1192 

45 

0.3659 

1157 

55 

0.3594 

1129 

65 

0.3537 

1105 

75 

0.3488 

1084 

85 

0.3443 

1065 

100 

0.3385 

1040 
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The effect of superheating the steam on the performance a simple ideal Rankine cycle is to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


function x4$(x4) "this function returns a string to indicate the state of steam at point 4" 
x4$=" 

if (x4>1) then x4$='(superheated)' 
if (x4<0) then x4$='(compressed)' 
end 

P[3] = 3000 [kPa] 

{T[3] = 600 [C]} 

P[4] = 10 [kPa] 

Eta_t = 1.0 "Turbine isentropic efficiency" 

Eta_p = 1 .0 "Pump isentropic efficiency" 

"Pump analysis" 

Fluid$- Steam JAPWS' 

P[1] = P[4] 

P[2]=P[3] 

x[1]=0 "Sat'd liquid" 
h[1]=enthalpy(Fluid$,P=P[1],x=x[1]) 
v[1]=volume(Fluid$,P=P[1],x=x[1]) 
s[1]=entropy(Fluid$,P=P[1],x=x[1]) 

T[1]=temperature(Fluid$,P=P[1],x=x[1]) 

W_p_s=v[1]*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume" 
W_p=W_p_s/Eta_p 

h[2]=h[1]+W p "SSSF First Law for the pump" 
s[2]=entropy(Fluid$,P=P[2],h=h[2]) 

T[2]=temperature(Fluid$,P=P[2],h=h[2]) 

"Turbine analysis" 
h[3]=enthalpy(Fluid$,T=T[3],P=P[3]) 
s[3]=entropy(Fluid$,T=T[3],P=P[3]) 
s_s[4]=s[3] 

hs[4]=enthalpy(Fluid$,s=s_s[4],P=P[4]) 

Ts[4]=temperature(Fluid$,s=s_s[4],P=P[4]) 

Eta_t=(h[3]-h[4])/(h[3]-hs[4])"Definition of turbine efficiency" 

T[4]=temperature(Fluid$,P=P[4],h=h[4]) 

s[4]=entropy(Fluid$,h=h[4],P=P[4]) 

x[4]=quality(Fluid$,h=h[4],P=P[4]) 

h[3] =W_t+h[4]"SSSF First Law for the turbine" 

x4s$=x4$(x[4]) 

"Boiler analysis" 

QJn + h[2]=h[3]"SSSF First Law for the Boiler" 

"Condenser analysis" 

h[4]=Q_out+h[1]”SSSF First Law for the Condenser" 

"Cycle Statistics" 

W_net=W_t-W_p 
Eta th=W net/Q in 
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The effect of number of reheat stages on the performance an ideal Rankine cycle is to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


function x6$(x6) "this function returns a string to indicate the state of steam at point 6" 
x6$=" 

if (x6>1) then x6$='(superheated)' 
if (x6<0) then x6$='(subcooled)' 
end 

Procedure Reheat(P[3],T[3],T[5],h[4],NoRHStages,Pratio,Eta_t:QJn_reheat,W_tJp,h6) 
P3=P[3] 

T5=T[5] 

h4=h[4] 

Q_in_reheat =0 
W_t_lp = 0 

R_P=(1/Pratio) A (1/(NoRHStages+1)) 

imax:=NoRHStages - 1 
i:=0 

REPEAT 

i:=i+1 

P4 = P3*R_P 

P5=P4 

P6=P5*R_P 

Fluid$- Steam JAPWS' 
s5=entropy(Fluid$,T=T5,P=P5) 
h5=enthalpy(Fluid$,T=T5,P=P5) 
s_s6=s5 

hs6=enthalpy(Fluid$,s=s_s6,P=P6) 

Ts6=temperature(Fluid$,s=s_s6,P=P6) 

vs6=volume(Fluid$,s=s_s6,P=P6) 

"Eta_t=(h5-h6)/(h5-hs6)""Definition of turbine efficiency" 
h6=h5-Eta_t*(h5-hs6) 

W_t_lp=W_t_lp+h5-h6"SSSF First Law for the low pressure turbine" 
x6=QUALITY(Fluid$,h=h6,P=P6) 

Q_in_reheat =Q_in_reheat + (h5 - h4) 

P3=P4 

UNTIL (i>imax) 

END 

"NoRHStages = 2" 

P[6] = 10"kPa" 

P[3] = 15000"kPa" 

P_extract = P[6] "Select a lower limit on the reheat pressure" 

T[3] = 500"C" 

T[5] = 500"C" 

Eta_t = 1.0 "Turbine isentropic efficiency" 

Eta_p = 1 .0 "Pump isentropic efficiency" 

Pratio = P[3]/P_ extract 

P[4] = P[3]*(1/Pratio) A (1/(NoRHStages+1))"kPa" 

Fluid$='Steam_IAPWS' 
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"Pump analysis" 

P[1] = P[6] ' 

P[2]=P[3] 

x[1]=0 "Sat'd liquid" 
h[1]=enthalpy(Fluid$,P=P[1],x=x[1]) 
v[1]=volume(Fluid$,P=P[1],x=x[1]) 
s[1]=entropy(Fluid$,P=P[1],x=x[1]) 

T[1]=temperature(Fluid$,P=P[1],x=x[1]) 

W_p_s=v[1]*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume" 
W_p=W_p_s/Eta_p 

h[2]=h[1]+W p "SSSF First Law for the pump" 

v[2]=volume(Fluid$,P=P[2],h=h[2]) 

s[2]=entropy(Fluid$,P=P[2],h=h[2]) 

T[2]=temperature(Fluid$,P=P[2],h=h[2]) 

"High Pressure Turbine analysis" 

h[3]=enthalpy(Fluid$,T=T[3],P=P[3]) 

s[3]=entropy(Fluid$,T=T[3],P=P[3]) 

v[3]=volume(Fluid$,T=T[3],P=P[3]) 

s_s[4]=s[3] 

hs[4]=enthalpy(Fluid$,s=s_s[4],P=P[4]) 

Ts[4]=temperature(Fluid$,s=s_s[4],P=P[4]) 

Eta_t=(h[3]-h[4])/(h[3]-hs[4])"Definition of turbine efficiency" 
T[4]=temperature(Fluid$,P=P[4],h=h[4]) 
s[4]=entropy(Fluid$,h=h[4],P=P[4]) 
v[4]=volume(Fluid$,s=s[4],P=P[4]) 

h[3] =Wj_hp+h[4]"SSSF First Law for the high pressure turbine" 

"Low Pressure Turbine analysis" 

Call Reheat(P[3],T[3],T[5],h[4],NoRHStages,Pratio,Eta_t:QJn_reheat,W_t_lp,h6) 
h[6]=h6 

{P[5]=P[4] 

s[5]=entropy(Fluid$,T=T[5],P=P[5]) 

h[5]=enthalpy(Fluid$,T=T[5],P=P[5]) 

s_s[6]=s[5] 

hs[6]=enthalpy(Fluid$,s=s_s[6],P=P[6]) 

Ts[6]=temperature(Fluid$,s=s_s[6],P=P[6]) 

vs[6]=volume(Fluid$,s=s_s[6],P=P[6]) 

Eta_t=(h[5]-h[6])/(h[5]-hs[6])"Definition of turbine efficiency" 
h[5]=W_t_lp+h[6]"SSSF First Law for the low pressure turbine" 
x[6]=QUALITY(Fluid$,h=h[6],P=P[6]) 

V\MJp_total = NoRHStages*W_tJp 
Q in reheat = NoRHStages*(h[5] - h[4])} 

"Boiler analysis" 

Q_in_boiler + h[2]=h[3]"SSSF First Law for the Boiler" 

QJn = QJn_boiler+QJn_reheat 
"Condenser analysis" 

h[6]=Q_out+h[1]"SSSF First Law for the Condenser" 

T[6]=temperature(Fluid$,h=h[6],P=P[6]) 

s[6]=entropy(Fluid$,h=h[6],P=P[6]) 

x[6]=QUALITY(Fluid$,h=h[6],P=P[6]) 

x6s$=x6$(x[6]) 

"Cycle Statistics" 

W_net=W_t_hp+W tjp - W_p 
Eta th=W net/Q in 
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T|th 

NoRH 

Stages 

Qin 

[kJ/kg] 

w net 

[kJ/kg] 

0.4097 

1 

4085 

1674 

0.4122 

2 

4628 

1908 

0.4085 

3 

5020 

2051 

0.4018 

4 

5333 

2143 

0.3941 

5 

5600 

2207 

0.386 

6 

5838 

2253 

0.3779 

7 

6058 

2289 

0.3699 

8 

6264 

2317 

0.3621 

9 

6461 

2340 

0.3546 

10 

6651 

2358 



NoRHStages 



NoRHStages 
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The effect of number of regeneration stages on the performance an ideal regenerative Rankine cycle with one 


open feedwater heater is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


Procedure Reheat(NoFwh,T[5],P[5],P_cond,Eta_turb,Eta_pump:q_in,w_net) 

Fluid$- Steam JAPWS' 

Tcond = temperature(Fluid$,P=P_cond,x=0) 

Tboiler = temperature(Fluid$,P=P[5],x=0) 

P[7] = Pcond 

s[5]=entropy(Fluid$, T=T[5], P=P[5]) 
h[5]=enthalpy(Fluid$, T=T[5], P=P[5]) 
h[1]=enthalpy(Fluid$, P=P[7],x=0) 

P4[1] = P[5] "NOTICE THIS IS P4[i] WITH i = 1" 

DELTAT cond boiler = Tboiler - Tcond 

If NoFWH = 0 Then 

"the following are h7, h2, w_net, and qjn for zero feedwater heaters, NoFWH = 0" 

h7=enthalpy(Fluid$, s=s[5],P=P[7]) 

h2=h[1]+volume(Fluid$, P=P[7],x=0)*(P[5] - P[7])/Eta jump 

w_net = Eta turb*(h[5]-h7)-(h2-h[1 ]) 

qjn = h[5] - h2 


else 

i=0 

REPEAT 

i-i+1 

"The following maintains the same temperature difference between any two regeneration stages." 
T_FWH[i] = (NoFWH +1 - i)*DELTAT_cond_boiler/(NoFWH + 1)+Tcond"[C]" 

P_extract[i] = pressure(Fluid$,T=T_FWH[i],x=0)"[kPa]" 

P3[i]=P_extract[i] 

P6[i]=P_extract[i] 

If i > 1 then P4[i] = P6[i - 1] 

UNTIL i=NoFWH 

P4[NoFWH+1]=P6[NoFWH] 

h4[NoFWH+1]=h[1]+volume(Fluid$, P=P[7],x=0)*(P4[NoFWH+1] - P[7])/Eta_pump 
i=0 

REPEAT 

i=i+1 

"Boiler condensate pump or the Pumps 2 between feedwater heaters analysis" 

h3[i]=enthalpy(Fluid$,P=P3[i],x=0) 

v3[i]=volume(Fluid$,P=P3[i],x=0) 

w pump2_s=v3[i]*(P4[i]-P3[i])"SSSF isentropic pump work assuming constant specific volume" 
w pump2[i]=w_pump2_s/Eta_pump "Definition of pump efficiency" 
h4[i]= w_pump2[i] +h3[i] "Steady-flow conservation of energy" 
s4[i]=entropy(Fluid$,P=P4[i],h=h4[i]) 

T4[i]=temperature(Fluid$,P=P4[i],h=h4[i]) 

Until i = NoFWH 
i=0 

REPEAT 
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i-i+1 

"Open Feedwater Heater analysis:" 

{h2[i] = h6[i]} 
s5[i] = s[5] 
ss6[i]=s5[i] 

hs6[i]=enthalpy(Fluid$,s=ss6[i],P=P6[i]) 

Ts6[i]=temperature(Fluid$,s=ss6[i],P=P6[i]) 

h6[i]=h[5]-Eta_turb*(h[5]-hs6[i])"Definition of turbine efficiency for high pressure stages" 

If i=1 then y[1]=(h3[1] - h4[2])/(h6[1] - h4[2]) "Steady-flow conservation of energy for the FWH" 

If i > 1 then 
js — i -1 
j = 0 

sumyj = 0 
REPEAT 

j = j + 1 

sumyj = sumyj + y[ j ] 

UNTIL j = js 

y[i] =(1- sumyj)*(h3[i] - h4[i+1])/(h6[i] - h4[i+1j) 

ENDIF 

T3[i]=temperature(Fluid$,P=P3[i],x=0) "Condensate leaves heater as sat. liquid at P[3]" 
s3[i]=entropy(Fluid$,P=P3[i],x=0) 

"Turbine analysis" 

T6[i]=temperature(Fluid$,P=P6[i],h=h6[i]) 
s6[i]=entropy(Fluid$,P=P6[i],h=h6[ij) 
yh6[i] = y[i]*h6[i] 

UNTIL i=NoFWH 
ss[7]=s6[i] 

hs[7]=enthalpy(Fluid$,s=ss[7],P=P[7]) 

Ts[7]=temperature(Fluid$,s=ss[7],P=P[7]) 

h[7]=h6[i]-Eta_turb*(h6[i]-hs[7])"Definition of turbine efficiency for low pressure stages" 

T[7]=temperature(Fluid$,P=P[7],h=h[7]) 

s[7]=entropy(Fluid$,P=P[7],h=h[7]) 

sumyi = 0 
sumyh6i = 0 
wp2i = W_pump2[1] 
i=0 

REPEAT 

i=i+1 

sumyi = sumyi + y[i] 
sumyh6i = sumyh6i + yh6[i] 

If NoFWH > 1 then wp2i = wp2i + (1- sumyi)*W pump2[i] 

UNTIL i = NoFWH 

"Condenser Pump — Pump_1 Analysis:" 

P[2] = P6 [ NoFWH] 

P[1] = P_cond 

h[1]=enthalpy(Fluid$,P=P[1],x=0) {Sat’d liquid} 

v1=volume(Fluid$,P=P[1],x=0) 

s[1]=entropy(Fluid$,P=P[1],x=0) 

T[1]=temperature(Fluid$,P=P[1],x=0) 

w pump1_s=v1*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume" 
w pump1=w_pump1_s/Eta_pump "Definition of pump efficiency" 
h[2]=w_pumpi+ h[1] "Steady-flow conservation of energy" 
s[2]=entropy(Fluid$,P=P[2],h=h[2]) 

T[2]=temperature(Fluid$,P=P[2],h=h[2]) 

"Boiler analysis" 

qjn = h[5] - h4[1]"SSSF conservation of energy for the Boiler" 
w _turb = h[5] - sumyh6i - (1- sumyi)*h[7] "SSSF conservation of energy for turbine" 
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"Condenser analysis" 

q_out=(1- sumyi)*(h[7] - h[1])"SSSF First Law for the Condenser" 
"Cycle Statistics" 

w_net=w_turb - ((1- sumyi)*w_pump1+ wp2i) 

endif 

END 

"Input Data" 

NoFWH = 2 
P[5] = 10000 [kPa] 

T[5] = 500 [C] 

P_cond=10 [kPa] 

Eta_turb= 1.0 "Turbine isentropic efficiency" 

Eta_pump = 1.0 "Pump isentropic efficiency" 

P[1] - P_cond 
P[4] = P[5] 

"Condenser exit pump or Pump 1 analysis" 

Call Reheat(NoFwh,T[5],P[5],P_cond,Eta_turb,Eta_pump:q_in,w_net) 
Etath=wnet/qJ n 


No 

FWH 

T|th 

Wnet 

[kJ/kg] 

q in 

[kJ/kg] 

0 

0.4019 

1275 

3173 

1 

0.4311 

1125 

2609 

2 

0.4401 

1061 

2411 

3 

0.4469 

1031 

2307 

4 

0.4513 

1013 

2243 

5 

0.4544 

1000 

2200 

6 

0.4567 

990.5 

2169 

7 

0.4585 

983.3 

2145 

8 

0.4599 

977.7 

2126 

9 

0.4611 

973.1 

2111 

10 

0.462 

969.4 

2098 




NoFwh 



NoFwh 
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10-119 It is to be demonstrated that the thermal efficiency of a combined gas-steam power plant r| cc can be expressed as 
?] cc = rj g + 77s ~ 7 g 7 s where rj g = W g ! Q m and rj s = W^ / Q^ on t are the thermal efficiencies of the gas and steam cycles, 

respectively, and the efficiency of a combined cycle is to be obtained. 

Analysis The thermal efficiencies of gas, steam, and combined cycles can be expressed as 


7cc 


^total _ j _ 2put 

Gin _ Gm 


% = 
7s = 


w n 


2 


= 1 - 


2 


in 


w 0 


a 


= i 


g,out 


■g,out 

Gin 

2out 

a 


g,out 


where Q m is the heat supplied to the gas cycle, where g out is the heat rejected by the steam cycle, and where 2g,out is the heat 
rejected from the gas cycle and supplied to the steam cycle. 

Using the relations above, the expression rj g + 77 s - tj g ?j s can be expressed as 


7 g + 7 S 


7 g 7 s 


2 


g,out 


V 


Gi 


+ 


in J 




Q_ 

2 


2 


g,out 


G, 


_ ^ ~^g,out | 2out 


= 1 


2m 

2out 

2in 


2 


g,out J 


1 + 


2i 


2 


g,out 


in 

2out 


g,out 


2in 2 


g,out 


2out 

2g,out 

2out 


= ?J 


cc 


\ 


J 


Therefore, the proof is complete. Using the relation above, the thermal efficiency of the given combined cycle is determined 
to be 


7cc = 7g + 7s “ 7a7 s = 0-4 + 0-30 - 0.40 x 0.30 = 0.58 


10-120 The thermal efficiency of a combined gas-steam power plant r| cc can be expressed in terms of the thermal 
efficiencies of the gas and the steam turbine cycles as r/ cc = rj„ + 7 S - 7 g 7 s • It is to be shown that the value of tj cc is greater 

than either of 7 j g or rj s . 

Analysis By factoring out terms, the relation rj cc = 7 g + 7 S - 7 g 7 s can be expressed as 
Ice = >h + *7s - 1 S 1 S = >7g + 7s(! - *7g) > 7g 

V 

Positive since 

// g <i 

or Ice = *7 g + 9s “ = '7s + '7g(l-'7s)> Is 

K J 

V 

Positive since 
7 S <! 

Thus we conclude that the combined cycle is more efficient than either of the gas turbine or steam turbine cycles alone. 
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10-121 It is to be shown that the exergy destruction associated with a simple ideal Rankine cycle can be expressed as 
•^destroyed Q in b th, Camot “ 7 th ) ’ where /7th is efficiency of the Rankine cycle and rj t h , camot is the efficiency of the Carnot 

cycle operating between the same temperature limits. 

Analysis The exergy destruction associated with a cycle is given on a unit mass basis as 


x 


destroyed 



gR 

T 

1 R 


where the direction of q m is determined with respect to the reservoir (positive if to the reservoir and negative if from the 
reservoir). For a cycle that involves heat transfer only with a source at and a sink at To? the irreversibility becomes 


x 


destroyed 


f 

^out 

A 

^in 

T 0 

— /7 — rt 

f 

#out 

T ^ 
1 o 

u 

T h) 

"out j , "in ‘fin 

l h 

V ^in 

Th) 


= </m [(' n t h,C )] = ftn [>lth,C - Vth ) 
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10-122 Consider a simple ideal Rankine cycle. If the condenser pressure is lowered while keeping turbine inlet state the 
same, (select the correct statement) 

(a) the turbine work output will decrease. 

(b) the amount of heat rejected will decrease. 

(c) the cycle efficiency will decrease. 

(d) the moisture content at turbine exit will decrease. 

(e) the pump work input will decrease. 

Answer (b) the amount of heat rejected will decrease. 


10-123 Consider a simple ideal Rankine cycle with fixed boiler and condenser pressures. If the steam is superheated to a 
higher temperature, (select the correct statement) 

(a) the turbine work output will decrease. 

(b) the amount of heat rejected will decrease. 

(c) the cycle efficiency will decrease. 

(d) the moisture content at turbine exit will decrease. 

(e) the amount of heat input will decrease. 

Answer (d) the moisture content at turbine exit will decrease. 


10-124 Consider a simple ideal Rankine cycle with fixed boiler and condenser pressures . If the cycle is modified with 
reheating, (select the correct statement) 

(a) the turbine work output will decrease. 

(b) the amount of heat rejected will decrease. 

(c) the pump work input will decrease. 

(d) the moisture content at turbine exit will decrease. 

(e) the amount of heat input will decrease. 

Answer (d) the moisture content at turbine exit will decrease. 


10-125 Consider a simple ideal Rankine cycle with fixed boiler and condenser pressures . If the cycle is modified with 
regeneration that involves one open feed water heater, (select the correct statement per unit mass of steam flowing through 
the boiler) 

(a) the turbine work output will decrease. 

(b) the amount of heat rejected will increase. 

(c) the cycle thermal efficiency will decrease. 

(d) the quality of steam at turbine exit will decrease. 

(e) the amount of heat input will increase. 

Answer (a) the turbine work output will decrease. 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



10-139 


10-126 Consider a steady-flow Carnot cycle with water as the working fluid executed under the saturation dome between 
the pressure limits of 3 MPa and 10 kPa. Water changes from saturated liquid to saturated vapor during the heat addition 
process. The net work output of this cycle is 

(a) 666 kJ/kg (b) 888 kJ/kg (c) 1040 kJ/kg (d) 1130 kJ/kg (e) 1440 kJ/kg 

Answer (a) 666 kJ/kg 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PI =33000 "kPa" 

P2=10 "kPa" 

h_fg=ENTHALPY(Steam_IAPWS,x=1 ,P=P1)-ENTHALPY(Steam_IAPWS,x=0,P=P1) 

T1 =TEMPERATURE(SteamJAPWS,x=0,P=P1 )+273 
T2=TEMPERATURE(SteamJAPWS,x=0,P=P2)+273 
q_in=h_fg 

Eta_Carnot=1-T2/T1 

w_net=Eta_Carnot*q_in 

"Some Wrong Solutions with Common Mistakes:" 

W1_work= Eta1*q_in; Eta1=T2/T1 "Taking Carnot efficiency to be T2/T1" 

W2_work = Eta2*q_in; Eta2=1-(T2-273)/(T1-273) "Using C instead of K" 

W3_work = Eta_Carnot*ENTHALPY(Steam_IAPWS,x=1 ,P=P1 ) "Using h_g instead of h_fg" 

W4_work = Eta_Carnot*q2; q2=ENTHALPY(Steam_IAPWS,x=1 ,P=P2)-ENTHALPY(Steam_IAPWS,x=0,P=P2) 
"Using h fg at P2" 
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10-127 A simple ideal Rankine cycle operates between the pressure limits of 10 kPa and 3 MPa, with a turbine inlet 
temperature of 600°C. Disregarding the pump work, the cycle efficiency is 

(a) 24% (b) 37% (c) 52% (d) 63% (e) 71% 

Answer (b) 37% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PI =10 "kPa" 

P2=3000 "kPa" 

P3=P2 
P4=P1 
T3=600 "C" 
s4=s3 

h1=ENTHALPY(Steam_IAPWS,x=0,P=P1 ) 
vl =VOLUME(Steam_IAPWS,x=0,P=P1 ) 
w_pump=v1 *(P2-P1 ) "kJ/kg" 
h2=h1+w_pump 

h3=ENTHALPY(Steam_IAPWS,T=T3,P=P3) 

s3=ENTROPY(SteamJAPWS,T=T3,P=P3) 

h4=ENTHALPY(Steam_IAPWS,s=s4,P=P4) 

q_in=h3-h2 

q_out=h4-h1 

Eta_th=1 -q_out/q_in 

"Some Wrong Solutions with Common Mistakes:" 

W1_Eff = q_out/q_in "Using wrong relation" 

W2_Eff = 1-(h44-h1)/(h3-h2); h44 = ENTHALPY(Steam_IAPWS,x=1 ,P=P4) "Using h_g for h4" 

W3_Eff = 1-(T1+273)/(T3+273); T1=TEMPERATURE(SteamJAPWS,x=0,P=P1) "Using Carnot efficiency" 
W4_Eff = (h3-h4)/q_in "Disregarding pump work" 
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10-128 A simple ideal Rankine cycle operates between the pressure limits of 10 kPa and 5 MPa, with a turbine inlet 
temperature of 600°C. The mass fraction of steam that condenses at the turbine exit is 

(a) 6% (b) 9% (c) 12% (d) 15% (e) 18% 

Answer (c) 12% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PI =10 "kPa" 

P2=5000 "kPa" 

P3=P2 
P4=P1 
T3=600 "C" 
s4=s3 

h3=ENTHALPY(Steam_IAPWS,T=T3,P=P3) 

s3=ENTROPY(Steam_IAPWS,T=T3,P=P3) 

h4=ENTHALPY(Steam_IAPWS,s=s4,P=P4) 

x4=QUALITY(SteamJAPWS,s=s4,P=P4) 

moisture=1-x4 

"Some Wrong Solutions with Common Mistakes:" 
W1_moisture = x4 "Taking quality as moisture" 
W2_moisture = 0 "Assuming superheated vapor" 
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10-129 A steam power plant operates on the simple ideal Rankine cycle between the pressure limits of 5 kPa and 10 MPa, 
with a turbine inlet temperature of 600°C. The rate of heat transfer in the boiler is 300 kJ/s. Disregarding the pump work, 
the power output of this plant is 

(a) 93 kW (b) 1 1 8 kW (c) 1 90 kW (d) 2 1 6 kW (e) 300 kW 

Answer (b) 118 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PI =10 "kPa" 

P2=5000 "kPa" 

P3=P2 
P4=P1 
T3=600 "C" 
s4=s3 

Q_rate=300 "kJ/s" 
m=Q_rate/q_in 

h1=ENTHALPY(Steam_IAPWS,x=0,P=P1 ) 
h2=h1 "pump work is neglected" 

"v1=VOLUME(Steam_IAPWS,x=0,P=P1) 

w_pump=v1*(P2-P1) 

h2=h1+w_pump" 

h3=ENTHALPY(Steam_IAPWS,T=T3,P=P3) 

s3=ENTROPY(Steam_IAPWS,T=T3,P=P3) 

h4=ENTHALPY(Steam_IAPWS,s=s4,P=P4) 

q_in=h3-h2 

W_turb=m*(h3-h4) 

"Some Wrong Solutions with Common Mistakes:" 

W1_power = Q_rate "Assuming all heat is converted to power" 

W3_power = Q_rate*Carnot; Carnot = 1-(T1+273)/(T3+273); T1=TEMPERATURE(SteamJAPWS,x=0,P=P1) 
"Using Carnot efficiency" 

W4_power = m*(h3-h44); h44 = ENTHALPY(Steam_IAPWS,x=1 ,P=P4) "Taking h4=h_g" 
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10-130 Consider a combined gas-steam power plant. Water for the steam cycle is heated in a well-insulated heat exchanger 
by the exhaust gases that enter at 800 K at a rate of 60 kg/s and leave at 400 K. Water enters the heat exchanger at 200°C 
and 8 MPa and leaves at 350°C and 8 MPa. If the exhaust gases are treated as air with constant specific heats at room 
temperature, the mass flow rate of water through the heat exchanger becomes 

(a) 11 kg/s (b) 24 kg/s (c) 46 kg/s (d) 53 kg/s (e) 60 kg/s 

Answer (a) 11 kg/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


m_gas=60 "kg/s" 

Cp=1 .005 "kJ/kg.K" 

T3=800 "K" 

T4=400 "K" 

Q_gas=m_gas*Cp*(T3-T4) 

PI =8000 "kPa" 

T1=200 "C" 

P2=8000 "kPa" 

T2=350 "C" 

hi =ENTHALPY(Steam_IAPWS,T=T 1 ,P=P1 ) 
h2=ENTHALPY(Steam_IAPWS,T=T2,P=P2) 

Q_steam=m_steam*(h2-h1 ) 

Q_gas=Q_steam 

"Some Wrong Solutions with Common Mistakes:" 

m_gas*Cp*(T3 -T4)=W1_msteam*4.18*(T2-T1) "Assuming no evaporation of liquid water" 
m_gas*Cv*(T3 -T4)=W2_msteam*(h2-h1); Cv=0.718 "Using Cv for air instead of Cp" 

W3_msteam = m_gas "Taking the mass flow rates of two fluids to be equal" 

m_gas*Cp*(T3 -T4)=W4_msteam*(h2-h1 1); hi 1=ENTHALPY(Steam_IAPWS,x=0,P=P1) "Taking h1=hf@P1" 
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10-131 An ideal reheat Rankine cycle operates between the pressure limits of 10 kPa and 8 MPa, with reheat occurring at 4 
MPa. The temperature of steam at the inlets of both turbines is 500°C, and the enthalpy of steam is 3185 kJ/kg at the exit of 
the high-pressure turbine, and 2247 kJ/kg at the exit of the low-pressure turbine. Disregarding the pump work, the cycle 
efficiency is 

(a) 29% (b) 32% (c) 36% (d)41% (e) 49% 

Answer (d)41% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PI =10 "kPa" 

P2=8000 "kPa" 

P3=P2 

P4=4000 "kPa" 

P5=P4 
P6=P1 
T3=500 "C" 

T5=500 "C" 

s4=s3 

s6=s5 

h1=ENTHALPY(Steam_IAPWS,x=0,P=P1 ) 
h2=h1 

h44=3185 "kJ/kg - for checking given data" 

h66=2247 "kJ/kg - for checking given data" 

h3=ENTHALPY(Steam_IAPWSrT=T3,P=P3) 

s3=ENTROPY(SteamJAPWS,T=T3,P=P3) 

h4=ENTHALPY(Steam_IAPWS,s=s4,P=P4) 

h5=ENTHALPY(Steam_IAPWS,T=T5,P=P5) 

s5=ENTROPY(SteamJAPWS,T=T5,P=P5) 

h6=ENTHALPY(Steam_IAPWS,s=s6,P=P6) 

qjn=(h3-h2)+(h5-h4) 

q_out=h6-h1 

Eta_th=1 -q_out/q_in 

"Some Wrong Solutions with Common Mistakes:" 

W1_Eff = q_out/q_in "Using wrong relation" 

W2_Eff = 1 -q_out/(h3-h2) "Disregarding heat input during reheat" 

W3_Eff = 1-(T1+273)/(T3+273); T1=TEMPERATURE(SteamJAPWS,x=0,P=P1) "Using Carnot efficiency" 
W4_Eff = 1 -q_out/(h5-h2) "Using wrong relation for qjn" 
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10-132 Pressurized feedwater in a steam power plant is to be heated in an ideal open feedwater heater that operates at a 
pressure of 2 MPa with steam extracted from the turbine. If the enthalpy of feedwater is 252 kJ/kg and the enthalpy of 
extracted steam is 2810 kJ/kg, the mass fraction of steam extracted from the turbine is 

(a) 10% (b) 14% (c) 26% (d) 36% (e) 50% 

Answer (c) 26% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


h_feed=252 "kJ/kg" 
h_extracted=2810 "kJ/kg" 

P3=2000 "kPa" 

h3=ENTHALPY(Steam_IAPWS,x=0,P=P3) 

"Energy balance on the FWH" 
h3=x_ext*h_extracted+(1-x_ext)*h_feed 

"Some Wrong Solutions with Common Mistakes:" 

W1_ext = h_feed/h_extracted "Using wrong relation" 

W2_ext = h3/(h_extracted-h_feed) "Using wrong relation" 
W3_ext = h_feed/(h_extracted-h_feed) "Using wrong relation" 


10-133 Consider a steam power plant that operates on the regenerative Rankine cycle with one open feedwater heater. The 
enthalpy of the steam is 3374 kJ/kg at the turbine inlet, 2797 kJ/kg at the location of bleeding, and 2346 kJ/kg at the turbine 
exit. The net power output of the plant is 120 MW, and the fraction of steam bled off the turbine for regeneration is 0. 172. 
If the pump work is negligible, the mass flow rate of steam at the turbine inlet is 

(a) 117 kg/s (b) 126 kg/s (c) 219 kg/s (d) 288 kg/s (e) 679 kg/s 

Answer (b) 126 kg/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


h_in=3374 "kJ/kg" 
h_out=2346 "kJ/kg" 
h_extracted=2797 "kJ/kg" 

Wnet_out=1 20000 "kW" 
x_bleed=0.172 

w_turb=(h_in-h_extracted)+(1-x_bleed)*(h_extracted-h_out) 

m=Wnet_out/w_turb 

"Some Wrong Solutions with Common Mistakes:" 

W1_mass = Wnet_out/(h_in-h_out) "Disregarding extraction of steam" 

W2_mass = Wnet_out/(x_bleed*(h_in-h_out)) "Assuming steam is extracted at trubine inlet" 
W3_mass = Wnet_out/(h_in-h_out-x_bleed*h_extracted) "Using wrong relation" 
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10-134 Consider a cogeneration power plant modified with regeneration. Steam enters the turbine at 6 MPa and 450°C at a 
rate of 20 kg/s and expands to a pressure of 0.4 MPa. At this pressure, 60% of the steam is extracted from the turbine, and 
the remainder expands to a pressure of 10 kPa. Part of the extracted steam is used to heat feedwater in an open feedwater 
heater. The rest of the extracted steam is used for process heating and leaves the process heater as a saturated liquid at 0.4 
MPa. It is subsequently mixed with the feedwater leaving the feedwater heater, and the mixture is pumped to the boiler 
pressure. The steam in the condenser is cooled and condensed by the cooling water from a nearby river, which enters the 
adiabatic condenser at a rate of 463 kg/s. 



h\ = 191.81 

h 2 = 192.20 

/*3 = /z 4 = hg = 604.66 

h 5 = 610.73 

h 6 = 3302.9 

/z 7 = /z 8 = h io = 2665.6 

An = 2128.8 


1. The total power output of the turbine is 

(a) 17.0 MW (b) 8.4 MW (c) 12.2 MW (d) 20.0 MW (e) 3.4 MW 

Answer (a) 17.0 MW 

2 . The temperature rise of the cooling water from the river in the condenser is 

(a) 8.0°C (b) 5.2°C (c) 9.6°C (d) 12.9°C (e) 16.2°C 

Answer (< a ) 8.0°C 

3 . The mass flow rate of steam through the process heater is 

(a) 1.6 kg/s (b) 3.8 kg/s (c) 5.2 kg/s (d) 7.6 kg/s (e) 10.4 kg/s 

Answer (e) 10.4 kg/s 


4 . The rate of heat supply from the process heater per unit mass of steam passing through it is 

(a) 246 kJ/kg (b) 893 kJ/kg (c) 1344 kJ/kg (rf) 1891 kJ/kg (e) 2060 kJ/kg 

Answer (e) 2060 kJ/kg 


5. The rate of heat transfer to the steam in the boiler is 

(a) 26.0 MJ/s (b) 53.8 MJ/s (c) 39.5 MJ/s (d) 62.8 MJ/s (e) 125.4 MJ/s 

Answer ( b ) 53.8 MJ/s 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

Note: The solution given below also evaluates all enthalpies given on the figure. 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 







10-147 


PI =10 "kPa" 

P1 1 =P1 
P2=400 "kPa" 

P3=P2; P4=P2; P7=P2; P8=P2; P9=P2; P10=P2 
P5=6000 "kPa" 

P6=P5 

T6=450 "C" 

m_total=20 "kg/s” 

m7=0.6*m_total 

m_cond=0.4*m_total 

C=4.1 8 "kJ/kg.K" 

m_cooling=463 "kg/s" 

s7=s6 

s11=s6 

h1=ENTHALPY(Steam_IAPWS,x=0,P=P1 ) 

v1=VOLUME(Steam_IAPWS,x=0,P=P1) 

w_pump=v1*(P2-P1) 

h2=h1+w_pump 

h3=ENTHALPY(Steam_IAPWS,x=0,P=P3) 
h4=h3; h9=h3 

v4=VOLUME(Steam_IAPWS,x=0,P=P4) 

w_pump2=v4*(P5-P4) 

h5=h4+w_pump2 

h6=ENTHALPY(Steam_IAPWS,T=T6,P=P6) 
s6=ENTROPY(SteamJAPWS,T=T6,P=P6) 
h7=ENTHALPY(Steam_IAPWS,s=s7,P=P7) 
h8=h7; h10=h7 

hi 1 =ENTHALPY(Steam_IAPWS,s=s1 1 ,P=P1 1 ) 

W_turb=m_total*(h6-h7)+m_cond*(h7-h1 1 ) 

m_cooling*C*T_rise=m_cond*(h1 1 -hi ) 

m_cond*h2+m_feed*h10=(m_cond+m_feed)*h3 

m_process=m7-m_feed 

q_process=h8-h9 

Q_in=m_total*(h6-h5) 


10-135 ■■■ 10-142 Design and Essay Problems 
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Thermodynamics: An Engineering Approach 
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Chapter 1 1 

REFRIGERATION CYCLES 
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The Reversed Carnot Cycle 

11-1C The reversed Carnot cycle serves as a standard against which actual refrigeration cycles can be compared. Also, the 
COP of the reversed Carnot cycle provides the upper limit for the COP of a refrigeration cycle operating between the 
specified temperature limits. 


11-2C Because the compression process involves the compression of a liquid-vapor mixture which requires a compressor 
that will handle two phases, and the expansion process involves the expansion of high- moisture content refrigerant. 


11-3 A steady-flow Carnot refrigeration cycle with refrigerant- 134a as the working fluid is considered. The coefficient of 
performance, the amount of heat absorbed from the refrigerated space, and the net work input are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) Noting that T H = 40°C = 3 13 K and T L = T sat @ iookPa = ~26.37°C = 246.6 K, the COP of this Carnot refrigerator 
is determined from 

COP RC = = 7 — ^ v — = 3.72 

T h /T l -1 (313K)/(246.6K)-1 

(b) From the refrigerant tables (Table A-l 1), 

^3 = ^#@40°c - 271.27 kJ/kg 
h 4 — ^y@4o°c ~ 108.26 kJ/kg 

Thus, 

q H =h 3 -h 4 = 271.27 - 108.26 = 163.0 kJ/kg 

and I 22 > s 

|(l 63.0 kJ/kg) = 128.4 kJ/kg 

(c) The net work input is determined from 

w net =Vh -Vl= 163.0 - 128.4 = 34.6 kj/kg 


q h T h T l f 246.6 K 

— = — >q L = — q H = 

q L T l T h HH ^ 3 13 K 
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11-4E A steady-flow Carnot refrigeration cycle with refrigerant- 134a as the working fluid is considered. The coefficient of 
performance, the quality at the beginning of the heat-absorption process, and the net work input are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis ( a ) Noting that T H = r sat @ 90 psia = 72.78°F = 532.8 R and T L = r sat@3 o P sia = 15.37°F = 475.4 R. 


COP R , c = 


T h 'T l - 1 


(532.8 R)/(475.4R)-1 


= 8.28 


(b) Process 4-1 is isentropic, and thus 

Sl =s 4 = {s f+ x 4 s fg ) @ 90 psia = 0.07481 + (0.05X0.14525) 
= 0.08207 Btu/lbm • R 


r \ 

s x -s 


x^ = 


7 


fg 


@ 30 psia 


0.08207-0.03793 

0.18589 


= 0.2374 


(c) Remembering that on a f-5 diagram the area enclosed 
represents the net work, and s 3 = s g @ 9 o ps ia = 0.22006 Btu/lbm- R, 



Wnet,in = (t h ~ T L X^3 - ) = (72.78 - 1 5.37)(0.22006 - 0.08207) Btu/lbm • R = 7.92 Btu/lbm 
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Ideal and Actual Vapor-Compression Refrigeration Cycles 


11-4 


11-5C Yes; the throttling process is an internally irreversible process. 


11-6C To make the ideal vapor-compression refrigeration cycle more closely approximate the actual cycle. 


11-7C No. Assuming the water is maintained at 10°C in the evaporator, the evaporator pressure will be the saturation 
pressure corresponding to this pressure, which is 1 .2 kPa. It is not practical to design refrigeration or air-conditioning 
devices that involve such extremely low pressures. 


11-8C Allowing a temperature difference of 10°C for effective heat transfer, the condensation temperature of the 
refrigerant should be 25°C. The saturation pressure corresponding to 25°C is 0.67 MPa. Therefore, the recommended 
pressure would be 0.7 MPa. 


11-9C The area enclosed by the cyclic curve on a T-s diagram represents the net work input for the reversed Carnot cycle, 
but not so for the ideal vapor-compression refrigeration cycle. This is because the latter cycle involves an irreversible 
process for which the process path is not known. 


11-10C The cycle that involves saturated liquid at 30°C will have a higher COP because, judging from the T-s diagram, it 
will require a smaller work input for the same refrigeration capacity. 


11-11C The minimum temperature that the refrigerant can be cooled to before throttling is the temperature of the sink (the 
cooling medium) since heat is transferred from the refrigerant to the cooling medium. 
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11-12E A refrigerator operating on the ideal vapor-compression refrigeration cycle with refrigerant- 134a as the working 
fluid is considered. The increase in the COP if the throttling process were replaced by an isentropic expansion is to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters the 
compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant tables (Tables A-l IE, A-12E, and A-13E), 


T x = 20°F 1 h x =h g@ 2 o°f = 105.98 Btu/lbm 
sat. vapor J s x =s g @ 2 o o F = 0.22341 Btu/lbm- R 

P ? = 300psia 1 

> /z 2 — 125.68 Btu/lbm 

^2 = ^1 J 

P 3 = 300 psia 1 h 3 = h f% 300psia = 66.339 Btu/lbm 
sat. liquid j s 3 = s f @ 300psia = 0.12715 Btu/lbm- R 

h 4 =h 3 = 66.339 Btu/lbm (throttling) 


r 4 = 20°F | h 4s = 59.80 Btu/lbm 
.v 4 = .v 3 J x 4s = 0.4723 


(isentropic expansion) 


The COP of the refrigerator for the throttling case is 


COP R 


<?L _ h r h 4 
w in h 2 -h x 


105.98-66.339 

125.68-105.98 


2.012 



The COP of the refrigerator for the isentropic expansion case is 


COP R 



h r h 4s _ 105.98-59.80 
h 2 -h\ ~ 125.68-105.98 


2.344 


The increase in the COP by isentropic expansion is 16.5%. 
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11-13 An ideal vapor-compression refrigeration cycle with refrigerant- 134a as the working fluid is considered. The COP 
and the power requirement are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters the 
compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant tables (Tables A-l 1, A- 12, and A- 13), 


T l 

= 4°C 1 

^i - h g @ 4 °c ~ 252.77 1 

sat 

.vapor j 

s \ = s g @ 4 °c = 0.92927 

P? 

= 1 MPa 1 



i 

i 

^ h 2 = 275.29 kJ/kg 

s 2 

J 


P \ 

= 1 MPa ] 


sat 

. liquid 

r ^3 - hf @ iMPa _ 10'.: 

h 4 

= h 3 = 107.32 kJ/kg (throttling) 


The mass flow rate of the refrigerant is 


Q l = m(h { - h 4 ) » m = 


Q 


L 


400kJ/s 


h x - h 4 


(252.77- 107.32) kJ/kg 



The power requirement is 

W in = m{h 2 -h { ) = (2.750 kg/s)(275.29- 252.77) kJ/kg = 61. 93 kW 
The COP of the refrigerator is determined from its definition, 


COP R 




400 kW 
61.93 kW 


6.46 
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11-14 An ideal vapor-compression refrigeration cycle with refrigerant- 134a as the working fluid is considered. The rate of 
heat removal from the refrigerated space, the power input to the compressor, the rate of heat rejection to the environment, 
and the COP are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters 
the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant tables (Tables A- 12 and A- 13), 


Pi = 120 kPa 1 h x = h g@ 120 kPa = 236.97 kJ/kg 
sat. vapor J s { = s g @ 120 kPa = 0.94779 kJ/kg • K 


P 2 = 0.7 MPa 

^2 “ s l 



273.50 kJ/kg (t 2 = 34.95°C) 


P 3 = 0.7 MPa 
sat. liquid 


~hf @ o.7 MPa - 88.82 kJ/kg 


h 4 = h 3 =88.82 kJ/kg (throttling) 


Then the rate of heat removal from the refrigerated space and the 
power input to the compressor are determined from 



Q, =m(h l - h 4 ) = (0.05 kg/s)(236.97 - 88.82) kJ/kg = 7.41 kW 
and 

W in = m(h 2 -h t )= (0.05 kg/sX273.50 - 236.97) kJ/kg = 1.83 kW 


(b) The rate of heat rejection to the environment is determined from 
q h =q l + W in =7.41 + 1.83 = 9.23 kW 


(c) The COP of the refrigerator is determined from its definition, 


COP 


R 


Ql 


7.41 kW 
1.83 kW 


4.06 
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11-15 An ideal vapor-compression refrigeration cycle with refrigerant- 134a as the working fluid is considered. The rate of 
heat removal from the refrigerated space, the power input to the compressor, the rate of heat rejection to the environment, 
and the COP are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters 
the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant tables (Tables A- 12 and A- 13), 


Pi = 120 kPa 1 h\ =h g@ 120 kPa - 236.97 kJ/kg 
sat. vapor J s { = s g @ 120 kPa = 0.94779 kJ/kg • K 

P 2 = 0.9 MPa | ^ = 2?8 93 kJ/kg ^ = 44 45 o C ) 

^2 “ ^1 J 

p — o 9 MPa 1 

sat. liquid J * 3 = kf ® 0 9 MPa = 10L61 kJ/kg 
h 4 = h 3 =101.61 kJ/kg (throttling) 

Then the rate of heat removal from the refrigerated space and the 
power input to the compressor are determined from 



q l = m(h x -h 4 ) = (0.05 kg/s)(236.97 -101.61) kJ/kg = 6.77 kW 
and 

W m = m(h 2 -h { ) = (0.05 kg/sX278.93 - 236.97) kJ/kg = 2.10 kW 


(b) The rate of heat rejection to the environment is determined from 


q h =q l + W [n = 6.77 + 2. 10 = 8.87 kW 
(c) The COP of the refrigerator is determined from its definition, 


COP 


R 


Ql 

^in 


6.77 kW 
2.10 kW 


3.23 
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11-16 An ideal vapor-compression refrigeration cycle with refrigerant- 134a as the working fluid is considered. The 
throttling valve in the cycle is replaced by an isentropic turbine. The percentage increase in the COP and in the rate of heat 
removal from the refrigerated space due to this replacement are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and 
potential energy changes are negligible. 

Analysis If the throttling valve in the previous problem is replaced 
by an isentropic turbine, we would have 

^4s = ^3 = Sf@ 0.7 MPa = 0.33230 kJ/kg-K 
and the enthalpy at the turbine exit would be 

/ \ 


S-) s 


X 4 s = 


f 


V S f8 

h 4s = (h f +x 4s h fg ) 


120 kPa 


0.33230-0.09275 

0.85503 


= 0.2802 


120 kPa 


= 22.49 + (0.2802X214.48) - 82.58 kJ/kg 



Then, 


Q, =m(h l -h 4s ) = (0.05 kg/s)(236.97- 82.5 8) kJ/kg = 7.72 kW 


and 


COP R 


Ql _ 7.72 kW _ ^ 23 
W in 1.83 kW 


Then the percentage 
Increase in 

Increase in 


increase in Q and COP becomes 


Q,= 


A Q 

Q 


L 


L 


7.72-7.41 

7.41 


= 4 . 2 % 


COP R = 


ACOP 


R 


COP 


R 


4.23-4.06 

4.06 


4 . 2 % 
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11-17 A refrigerator with refrigerant- 134a as the working fluid is considered. The rate of heat removal from the refrigerated 
space, the power input to the compressor, the isentropic efficiency of the compressor, and the COP of the refrigerator are to 
be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) From the refrigerant tables (Tables A- 12 and A- 13), 

P x - 0.20 MPa j/o = 248.80 kJ/kg 
T x = -5°C ]s x = 0.95407 kJ/kg • K 

P 2 =1.2 MPa \ . , 

T 2 = 70°C p2 =300.61 kJ/kg 


P 2s =1.2 MPa] 


S 2s ~ s l 

Pi =1.15 MPa ] 


r 3 = 44°C 


|/z 2v = 287.21 kJ/kg 




h 2 — h f @ 44 °c — ^ 14.28 kJ/kg 



h 4 =/i 3 =114.28 kJ/kg (throttling) 

Then the rate of heat removal from the refrigerated space and the power input to the compressor are determined from 

Q, = m{h [ -h 4 ) = (0.07 kg/sX248.80 - 1 14.28) kJ/kg = 9.42 kW 
and 

W in = m(h 2 - h l )={ 0.07 kg/sX300.61 - 248. 80) kJ/kg = 3.63 kW 
( b ) The isentropic efficiency of the compressor is determined from 

287.21-248.80 


Pc = 


h 2s ~ h \ 

h-2 - hi 


= 0.741 = 74 . 1 % 


300.61-248.80 

(c) The COP of the refrigerator is determined from its definition, 


COP R = 


Q, _ 9.42 kW 
W~~ 3.63 kW 


2.60 
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11-18E An ideal vapor-compression refrigeration cycle with refrigerant- 134a as the working fluid is considered. The mass 
flow rate of the refrigerant and the power requirement are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters the 
compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant tables (Tables A-l IE, A-12E, and A-13E), 


T x = 5°F 1 h x = h g@5QO F =103.82 Btu/lbm 
sat. vapor J s x = s g @ 5 o F = 0.22485 Btu/lbm • R 

P 7 = 180psia 1 

j* h 2 = 121.99 Btu/lbm 

^2 = ^1 J 

P 3 = 180psia 
sat. liquid 

h 4 =h 3 =51.50 Btu/lbm (throttling) 


| h = h f@ 180psia =51.50 Btu/lbm 


The mass flow rate of the refrigerant is 


Ql =m(hi ~ h 4 ) 


> m = 



h x - h 4 


45,000 Btu/h 
(103.82-51.50) Btu/lbm 



= 860.1 lbm/h 


The power requirement is 



r 


= m(h 2 ~h x ) = (860.1 lbm/h)( 12 1.99 - 103.82) Btu/lbm^ 


lkW ^ 
3412.14Btu/h y 


4.582 kW 
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11-19E 



Problem 1 1-1 8E is to be repeated if ammonia is used as the refrigerant. 


Analysis The problem is solved using EES, and the solution is given below. 


"Given" 
x[1]=1 
T[1]=5 [F] 
x[3]=0 

P[3]=1 80 [psia] 

Q_dot_L=45000 [Btu/h] 

"Analysis" 

Fluid$='ammonia' 

"compressor" 

h[1]=enthalpy(Fluid$, T=T[1], x=x[1 ]) 
s[1]=entropy(Fluid$, T=T[1], x=x[1]) 
s[2]=s[1] 

P[2]=P[3] 

h[2]=enthalpy(Fluid$, P=P[2], s=s[2]) 

"expansion valve" 

h[3]=enthalpy(Fluid$, P=P[3], x=x[3]) 
h[4]=h[3] 

"cycle" 

m_dot_R=Q_dot_L/(h[1 ]-h[4]) 
W_dot_in=m_dot_R*(h[2]-h[1])*Convert(Btu/h, kW) 

Solution for ammonia 
COP_R=4.515 
Fluid$='ammonia' 
m_dot_R=95.8 [lbm/h] 

Q_dot_L=45000 [Btu/h] 

W_dot_in=2 .921 [kW] 

Solution for R-134a 
COP_R=2.878 
Fluid$='R134a' 
m_dot_R=860.1 [lbm/h] 

Q_dot_L=45000 [Btu/h] 

W_dot_in=4.582 [kW] 
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11-20 A commercial refrigerator with refrigerant- 134a as the working fluid is considered. The quality of the refrigerant at 
the evaporator inlet, the refrigeration load, the COP of the refrigerator, and the theoretical maximum refrigeration load for 
the same power input to the compressor are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) From refrigerant- 134a tables (Tables A-l 1 through A- 13) 


Pi 

Ti 

Pi 

Pi 

Pi 

Pi 

h 4 

P4 

h 4 


= 60 kPa 
= -34°C 
= 1200 kPa 
= 65°C 
= 1200 kPa 
= 42°C 
= h 3 = 111.23 kJ/kg 
= 60 kPa 
= 1 1 1.23 kJ/kg 


h x = 230.03 kJ/kg 


h 2 =295.16 kJ/kg 


\h 3 = 111.23 kJ/kg 


x 4 = 0.4795 


Using saturated liquid enthalpy at the given temperature, 
for water we have (Table A-4) 

hw\ ~ hf@ i8°c = 75.47 kJ/kg 
hwi ~ hf@i6°c — 108.94 kJ/kg 


42°C 


26°C 


^Qh 


Water 
-h 18°C 


Condenser 


1.2 MPa 
65°C 



Expansion 

valve 


Compressor 


r 


Q, 


W; 


in 


Evaporator 


Ql 


60 kPa 
-34°C 


(b) The mass flow rate of the refrigerant may be determined from an energy balance on the compressor 

rn R (h 2 -h 3 ) = m w (h w2 -h w j) 

m R (295 . 16-111 .23)kJ/kg = (0.25kg/s)(108.94-75.47)kJ/kg 
>m R = 0.0455 kg/s 


The waste heat transferred from the refrigerant, the compressor power input, and the refrigeration load are 
Q h - ih R (h 2 -h 3 ) = (0.0455 kg/s)(295.16-l 11. 23)kJ/kg = 8.367 kW 


VFj n = m R (h 2 -h l )-Q m = (0.0455 kg/s)(295.1 6 - 230.03)kJ/kg - 0.450 kW = 2.5 13 kW 


Q l =Q h -W m -Q m =8.367-2.513-0.450 = 5.404 kW 


(c) The COP of the refrigerator is determined from its definition 


COP 




5.404 

2.513 


2.15 


( 1 d) The reversible COP of the refrigerator for the same 
temperature limits is 


COP 


max 


T h /Tr -1 


L 


= 5.063 

(18 + 273) /(— 30 + 273) — 1 


Then, the maximum refrigeration load becomes 

Ql, max =COP mm W m = (5.063X2.513 kW) = 12.72 kW 
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11-21 A refrigerator with refrigerant- 134a as the working fluid is considered. The power input to the compressor, the rate 
of heat removal from the refrigerated space, and the pressure drop and the rate of heat gain in the line between the 
evaporator and the compressor are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) From the refrigerant tables (Tables A- 12 and A- 13), 

h x = 239.50 kJ/kg 


P x =100 kPa 
T x = -20°C 

P 2 =0.8 MPa 
= ^1 


.9, = 0.97207 kJ/kg • K 
= 0.19841m 3 /kg 

h 2s = 284.07 kJ/kg 


P 3 =0.75 MPa) 
r 3 = 26°C 




h 3 = hf 


26 °c =87.83 kJ/kg 
h 4 =h 3 =87.83 kJ/kg (throttling) 


77 = -26°C 77 = 0.10173 MPa 


sat. vapor J h 5 = 234.68 kJ/kg 
Then the mass flow rate of the refrigerant and the power input becomes 



c/, 


0.5/60 m-7s 


m = 


i/i 


= 0.0420 kg/s 


0.19841 m /kg 

W m = m{h 2s - h x )/ Vc = (0-0420 kg/s)[(284.07 - 239.50) kJ/kg]/(0.78) = 2.40 kW 

( b ) The rate of heat removal from the refrigerated space is 

Q l = m(h 5 - h 4 ) = (0.0420 kg/s)(234.68- 87.83) kJ/kg = 6.17 kW 

(c) The pressure drop and the heat gain in the line between the evaporator and the compressor are 

A P = P 5 -P x =101.73-100=1.73 


and 


Ain = m ( h \ - * 5 ) = ( 0.0420 kg/s)(239.50 - 234.68) kJ/kg = 0.203 kW 
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11-15 


11-22 



Problem 11-21 is reconsidered. The effects of the compressor isentropic efficiency and the compressor inlet 


volume flow rate on the power input and the rate of refrigeration are to be investigated. 
Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

P[1]=100 [kPa] 

T[1]=-20 [C] 

V_dot=0.5 [m A 3/min] 

P[2]=800 [kPa] 

"Eta_C=0.78" 

P[3]=750 [kPa] 

T[3]=26 [C] 

T[5]=-26 [C] 
x[5]=1 

"Analysis" 

Fluid$='Ft1 34a' 

"compressor" 

h[1]=enthalpy(Fluid$, P=P[1], T=T[1]) 
s[1]=entropy(Fluid$, P=P[1], T=T[1]) 
v[1]=volume(Fluid$, P=P[1], T=T[1]) 
s_s[2]=s[1] 

h_s[2]=enthalpy(Fluid$, P=P[2], s=s_s[2]) 
"expansion valve" 
x[3]=0 "assumed saturated liquid" 
h[3]=enthalpy(Fluid$, T=T[3], x=x[3]) 
h[4]=h[3] 

"evaporator exit" c 

h[5]=enthalpy(Fluid$, T=T[5], x=x[5]) 
P[5]=pressure(Fluid$, T=T[5], x=x[5]) 

"cycle" 

m_dot=V_dot/v[1]*Convert(kg/min, kg/s) 

W_dot_in=m_dot*(h_s[2]-h[1])/Eta_C 

Q_dot_L=m_dot*(h[5]-h[4]) 

DELTAP=P[5]-P[1] 

Q_dot_gain=m_dot*(h[1]-h[5]) 




Tic 

W in 

[kwi 

Ql 

fkWl 

0.6 

3.12 

6.168 

0.65 

2.88 

6.168 

0.7 

2.674 

6.168 

0.75 

2.496 

6.168 

0.8 

2.34 

6.168 

0.85 

2.202 

6.168 

0.9 

2.08 

6.168 

0.95 

1.971 

6.168 

1 

1.872 

6.168 
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11-23 A refrigerator uses refrigerant- 134a as the working fluid and operates on the ideal vapor-compression 
refrigeration cycle except for the compression process. The mass flow rate of the refrigerant, the condenser pressure, 
and the COP of the refrigerator are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) ( b ) From the refrigerant- 134a tables (Tables A-l 1 through A- 13) 


P 4 =120 kPa 

4 \h 4 =86.83 kJ/kg 

x 4 = 0.30 

h 3 = h 4 


h 3 =86.83 kJ/kg 
x 3 = 0 (sat. liq.) 


P 3 = 671 .8 kPa 



P 2 = 671.8 kPa 
T 2 = 60°C 


>h 2 =298.87 kJ/kg 


P x =p 4 = 120 kPa 
x x =l(sat. vap.) 


>h x =236.97 kJ/kg 



The mass flow rate of the refrigerant is determined from 


W in 0.45 kW 

m = = 

h 2 -h x (298.87 -236.97)kJ/kg 


0.00727 kg/s 


(c) The refrigeration load and the COP are 


Ql =m(h l ~h 4 ) 

= (0.0727 kg/s)(236.97 - 86.83)kJ/kg 
= 1.091 kW 


COP - Ql _ 1-091 kW 
W in 0.45 kW 


2.43 
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11-24 A vapor-compression refrigeration cycle with refrigerant-22 as the working fluid is considered. The hardware and the 
T-s diagram for this air conditioner are to be sketched. The heat absorbed by the refrigerant, the work input to the 
compressor and the heat rejected in the condenser are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) In this normal vapor-compression refrigeration cycle, the refrigerant enters the compressor as a saturated vapor 
at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser pressure. 



(b) The properties as given in the problem statement are 

h 4 = h 3 = hf@ 45°c = 101 kJ/kg 
h\ = hg @ _5°c = 248. 1 kJ/kg. 

The heat absorbed by the refrigerant in the evaporator is 
q L =h l -h 4 =248.1 -101 = 147.1 kJ/kg 


(c) The COP of the air conditioner is 

A 1W 


COP R = SEER 


A r Btu/h 

16 

W 


v 


J 


1W 


3.412 Btu/h 


3.412 Btu/h 
The work input to the compressor is 


COP R = > w in - - = l41 ; l]d ! kg - = 31 .4 kJ/kg 


= 4.689 


in 


W 


in 


COP 


R 


4.689 


The enthalpy at the compressor exit is 


w in =h 2 -h l > h 2 =h x + w m = 248. 1 kJ/kg + 31.4 kJ/kg = 279.5 kJ/kg 

The heat rejected from the refrigerant in the condenser is then 
q H =h 2 -h 3 =279.5 -101 = 178.5 kJ/kg 
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11-25 A vapor-compression refrigeration cycle with refrigerant- 134a as the working fluid is considered. The amount of 
cooling, the work input, and the COP are to be determined. Also, the same parameters are to be determined if the cycle 
operated on the ideal vapor-compression refrigeration cycle between the same temperature limits. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) The expansion process through the expansion 
valve is isenthalpic: h 4 = h 3 . Then, 

q L =h { -h 4 =402.49 - 243.19 = 159.3 kJ/kg 
q H =h 2 -h 3 =454.00 -243.19 = 210.8 kJ/kg 
w in =h 2 -h l = 454.00 - 402.49 = 51 .51 kJ/kg 

COP = ^= 159 3kJ/k g = 3.093 

w in 51.51 kJ/kg 

(c) Ideal vapor-compression refrigeration cycle solution: 



q, = h x - h 4 = 399.04 - 249.80 = 149.2 kJ/kg 
q H =h 2 -h 3 =440.71 -249.80 = 190.9 kJ/kg 
w in = h 2 - h x = 440.71 - 399.04 = 41 .67 kJ/kg 

COP = ^= 149 - 2kJ/kg =3.582 

w in 41.67 kJ/kg 

Discussion In the ideal operation, the refrigeration load decreases by 
6.3% and the work input by 19.1% while the COP increases by 15.8%. 
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11-26 A vapor-compression refrigeration cycle with refrigerant- 134a as the working fluid is considered. The rate of 
cooling, the power input, and the COP are to be determined. Also, the same parameters are to be determined if the cycle 
operated on the ideal vapor-compression refrigeration cycle between the same pressure limits. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) From the refrigerant- 1 34a tables (Tables A-l 1 through A- 13) 


^sat@200kPa ” 10.1°C 
P x = 200 kPa 

p = -io.i + io.i = o°c 


p 2 = 1400 kPa 
*1 = s \ 


h x = 253.05 kJ/kg 
= 0.9698 kJ/kg • K 


h 2s =295.90 kJ/kg 


T 


sat@1400 


kPa = 52.4°C 


P 3 = 1400 kPa 

r 3 = 52.4 - 4.4 = 48°C 

h 4 = /z 3 =120.39 kJ/kg 


\-h 3 = h f@ 48 o C = 120.39 kJ/kg 



1c = 
0.88 = 


>h s ~ >h 

h 2 - h x 

295.90-253.05 
h 2 -253.05 


>h 2 =301.74 kJ/kg 


q l = m(h x -h 4 ) = (0.025 kg/s)(253.05 - 120.39) = 3.31 7 kW 
q h -m{h 2 - A 3 ) = (0.025 kg/s)(30 1.74 -120.39) = 4.534 kW 
W m = m(h 2 -h x ) = (0.025 kg/s)(301. 74- 253.05) =1.217kW 


COP = 


Ql_ 

Win 


3.317 kW 
1.217 kW 


2.725 


(b) Ideal vapor-compression refrigeration cycle solution 
From the refrigerant- 134a tables (Tables A-l 1 through A- 13) 

P x = 200 kPa }h x = 244.46 kJ/kg 
x x =l }s x = 0.9377 kJ/kg • K 


P 2 = 1400 kPa 

*1 =*i 

P 3 = 1400 kPa 

x 3 = 0 


|/z 2 =285.08 kJ/kg 
>h 3 =127.22 kJ/kg 


h 4 = h 3 = 127.22 kJ/kg 


Q l = m(h x -h 4 ) = (0.025 kg/s)(244.46 - 127.22) = 3.931 kW 
q h = m(h 2 -h 3 ) = (0.025 kg/s)(285.08 - 127.22) = 3.947 kW 
W in = m(h 2 - h x ) = (0.025 kg/s)(285.08- 244.46)= 1.01 6 kW 

COP = ^= 3 931kW =2.886 
W Xn 1.016 kW 



Discussion The cooling load increases by 18.5% while the COP increases by 5.9% when the cycle operates on the ideal 
vapor-compression cycle. 
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Second-Law Analysis of Vapor-Compression Refrigeration Cycles 
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11-27C The second-law efficiency of a refrigerator operating on the vapor-compression refrigeration cycle is defined as 

y • ‘ 

_ Ql ^min , ^ dest, total 

w w w 


where X q is the exergy of the heat transferred from the low-temperature medium and it is expressed as 




f T \ 

1-L> 

v t lj 


X dest, total ls total exergy destruction in the cycle and W is the actual power input to the cycle. The second-law 
efficiency can also be expressed as the ratio of the actual COP to the Camot COP: 


7 ii , r - 


COP R 

COP Ca m 0t 


11-28C The second-law efficiency of a heat pump operating on the a vapor-compression refrigeration cycle is defined as 

Ex Q„ w r ■ EX, 


7ii,hp - 


min 


w 


w 


el- 


dest, total 


Substituting 




Q 


H 


COP 


HP 


and Ex q h =Qh 


r rr* \ 

i-2« 

V T H J 


into the second-law efficiency equation 

Qh 


7 II, HP - 


EX Qu 

W 


f rj~i \ 

i-2» 

V T H J 


Q 


= e 


H 


H 


Tr 


V T H J 


COP 


HP 


COP 


HP 


COP 


HP 


Q 


H 


T 


H 


COP 


Camot 


COP 


HP 


T h ~T l 


since T 0 = T L . 
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11-29C In an isentropic compressor, s 2 = ^1 and h 2s = h 2 . Applying these to the two the efficiency definitions, we obtain 


s,Comp 


W 


lsen 


W 


h 2 , ~ h \ 

h 2 - h x 


= 1 = 100 % 

h 2 - h x 


II, Comp 


W 


rev 


h 2 ~h l -T 0 (s 2 -s l ) h 2 -h x 


w 


h 2 - h { 


h 2 -h x 


= 1 = 100 % 


Thus, the isentropic efficiency and the exergy efficiency of an isentropic compressor are both 100%. 

The exergy efficiency of a compressor is not necessarily equal to its isentropic efficiency. The two definitions are 
different as shown in the above equations. In the calculation of isentropic efficiency, the exit enthalpy is found at the 
hypothetical exit state (at the exit pressure and the inlet entropy) while the exergy efficiency involves the actual exit state. 
The two efficiencies are usually close but different. In the special case of an isentropic compressor, the two efficiencies 
become equal to each other as proven above. 


11-30 A vapor-compression refrigeration system is used to keep a space at a low temperature. The power input, the COP 
and the second-law efficiency are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis The power input is 


W in =Q h -Q l = 6000 - 3500 = 2500 kJ/h = (2500 kJ/h) 


lkW 


3600 kJ/h 


= 0.6944 kW 


The COP is 


COP R 


Q l (3500/ 3600) kW 1 
W in ~ 0.6944 kW 


The COP of the Camot cycle operating between the space and the ambient is 


COP 


T 


L 


Camot 


t h -t 


L 


250 K 

(298- 250) K 


5.208 


The second-law efficiency is then 


*7ii = 


COP R 

COP Camot 


_i^_ = 0.2688 = 26.9% 
5.208 
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11-31 A refrigerator is used to cool bananas at a specified rate. The rate of heat absorbed from the bananas, the COP, The 
minimum power input, the second-law efficiency and the exergy destruction are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) The rate of heat absorbed from the bananas is 

Q l = me p (T x - T 2 ) = (1 140 kg/h)(3.35 kJ/kg • °C)(28 - 12)°C = 61 ,100 kJ/h 


The COP is 


COP = 




(61,100/3600) kW 
8.6 kW 


16 97 kW =1.97 
8.6 kW 


(b) Theminimum power input is equal to the exergy of the heat transferred from the low-temperature medium: 



Ql 

( rp \ 

1 T ° 

f 

= -(16.97 kW) 


l t l ) 

V 


28 + 273^ 
20 + 273, 


= 0.463 kW 


where the dead state temperature is taken as the inlet temperature of the eggplants (To = 28°C) and the temperature of the 
low-temperature medium is taken as the average temperature of bananas T= (12+28)/2 = 20°C. 

(c) The second-law efficiency of the cycle is 


= 


Ex q, 

W m 


2+1 = 0.0539 = 5.39% 
8.6 


The exergy destruction is the difference between the exergy expended (power input) and the exergy recovered (the exergy 
of the heat transferred from the low-temperature medium): 

Eldest =W in ~EXq l = 8.6 -0.463 = 8.1 4 kW 
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11-32 A vapor-compression refrigeration cycle is used to keep a space at a low temperature. The power input, the mass 
flow rate of water in the condenser, the second-law efficiency, and the exergy destruction are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) The power input is 


W = 

rr in 


Q 


(24,000 Btu/h)( 


L 


lkW 


3412 Btu/h 


COP 


2.05 


7.034 kW 
2.05 


= 3.431 kW 


(b) From an energy balance on the cycle, 

q h =q l +W in =7.034 + 3.431 = 10.46 kW 


The mass flow rate of the water is then determined from 


Qh =mc nw Ar 


pw W 


-> m = 


Q 


H 


10.46 kW 


c pw AT w (4.18kJ/kg • °C)(12°C) 

(c) The exergy of the heat transferred from the low-temperature medium is 


= 0.2086 kg/s 


Ex q l = 


1 - 


Tr 


T 


= -(7.034 kW) 


L J 


1- 


20 + 273 
0 + 273 


= 0.5153 kW 


The second-law efficiency of the cycle is 
E x q l 0.5153 


*7n = 


W; 


in 


3.431 


= 0.1502 = 15.0% 


The exergy destruction is the difference between the exergy supplied (power input) and the exergy recovered (the exergy of 
the heat transferred from the low-temperature medium): 

Eldest =W m -Ex^ = 3.43 1 -0.5 153 = 2.91 6 kW 


Q 


Alternative Solution 

The exergy efficiency can also be determined as follows: 


COP 


T 


L 


R, Carnot 


t h -t l 


0 + 273 
20-0 


= 13.65 


mi = 


COP 


2.05 


COPr, C arnot 13.65 


= 0.1502 = 15.0% 


The result is identical as expected. 
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11-33E A vapor-compression refrigeration cycle is used to keep a space at a low temperature. The mass flow rate of R- 
134a, the COP, The exergy destruction in each component and the exergy efficiency of the compressor, the second-law 
efficiency, and the exergy destruction are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) The properties of R- 134a are (Tables A-l IE through A-13E) 


P l = 20 psia 1 h x =102.73 Btu/lbm 
X] = 1 s x = 0.2257 Btu/lbm • R 


Pi 

Pi 

Pi 

x 3 

h 4 

P4 

h 4 


= 140 psia 
= 160°F 

= 140 psia 

= 0 


h 2 = 13 1.36 Btu/lbm 
s 2 = 0.2444 Btu/lbm • R 

h 3 =45.30 Btu/lbm 
= 0.0921 Btu/lbm • R 


= h 3 =45.30 Btu/lbm 
= 20 psia 
= 45.30 Btu/lbm 


>s A = 0.1 001 Btu/lbm -R 



The energy interactions in each component and the mass flow rate of R- 134a are 


w in =h 2 -h { =13 1.36 -102.73 = 28.63 Btu/lbm 


q H =h 2 -h 3 =13 1.36 -45.30 = 86.06 Btu/lbm 


c 1l =c 1h ~ Win = 86.06 - 28.63 = 57.43 Btu/lbm 


m = 



4l 


(45,000/3600) Btu/s 
57.43 Btu/lbm 


= 0.2177 Ibm/s 


The COP is 


COP = — 
W in 


57.43 Btu/lbm 
28.63 Btu/lbm 


2.006 


(b) The exergy destruction in each component of the cycle is determined as follows: 
Compressor: 

^ gen, i-2 = $2 - $1 = 0 2444 " 0.2257 = 0.01874 Btu/lbm • R 


Eldest, 1-2 = ^Pq^ gen, i-i = (0.2177 lbm/s)(540 R)(0.01874 Btu/lbm • R) = 2.203 Btu/S 


Condenser: 


s„en 2-3 = «3 - + — = (0.0921 - 0.2444) Btu/lbm • R + 86 06 Btu/lbm = 0,007073 Btu/lbm • R 

ge ' i T H 540 R 

EXdest.2-3 = ”' i7 ’o«gen, 2-3 = (0.2177 lbm/s)(540 R)(0. 007073 Btu/lbm • R) = 0.8313 Btu/s 
Expansion valve: 

■s gen, 3-4 = ^4 - ^3 = 0.1001 - 0.0921 = 0.007962 Btu/lbm • R 

Eldest, 3-4 = ^ r o^gen, 3-4 = (0.2177 lbm/s)(540 R)(0. 007962 Btu/lbm • R) = 0.9359 Btu/s 
Evaporator: 

S„en 4-1 = *^1 — — — — = (0.2257 — 0. 1001) Btu/lbm • R — ———————————— = 0.003400 Btu/lbm • R 

g en,4 7^ 470 R 

£x destj 4_i = " i7 ’o«gen, 4 -i = (0.2177 lbm/s)(540 R)(0.003400 Btu/lbm • R) = 0.3996 Btu/s 
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The power input and the exergy efficiency of the compressor is determined from 


11-25 


W in =mw [n = (0.2177 lbm/s)(28.63 Btu/lbm) = 6.232 Btu/s 


mi = 1 - 


&desU 2 = 1 - 2 203 Btu/S = 0.6465 = 64.7% 


W; 


in 


6.232 Btu/s 


(c) The exergy of the heat transferred from the low-temperature medium is 


EX Ql = - Ql - 


1 - 


Tr 


T 


= -(45000 / 3600 Btu/s) 


L J 


1 - 


540 

470 


= 1.862 Btu/s 


The second-law efficiency of the cycle is 
E x q l 1.862 Btu/s 


*7n = 


W: 


in 


6.232 Btu/s 


= 0.2987 = 29.9% 


The total exergy destruction in the cycle is the difference between the exergy supplied (power input) and the exergy 
recovered (the exergy of the heat transferred from the low-temperature medium): 


^ x dest,total = - ^ x q l = 6.232 - 1 .862 = 4.370 Btu/s 


The total exergy destruction can also be determined by adding exergy destructions in each component: 

^ X dest, total = ^dest,l-2 + £*'dest,2-3 + ^"dest,3-4 + ^^dest,4-l 

= 2.203 + 0.8313 + 0.9359 + 0.3996 
= 4.370 Btu/s 

The result is the same as expected. 
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11-34 A vapor-compression refrigeration cycle is used to keep a space at a low temperature. The mass flow rate of R- 134a, 
the COP, The exergy destruction in each component and the exergy efficiency of the compressor, the second-law 
efficiency, and the exergy destruction are to be determined. 



The energy decrease of the refrigerant is equal to the energy increase of the water in the condenser. That is, 

Q h 5.016kW 


Qh ~ Q 1 ! ^3 ) 

The refrigeration load is 


* m R = 


h 2 - h 3 (278.27 - 1 17.77) kJ/kg 


= 0.03 125 kg/s 


Q l =Q h - W ln =5.016 -2.2 = 2.816 kW = (2.816 kW)| 

The COP of the refrigerator is determined from its definition, 

Q l 2.816 kW 


3412 Btu/h 
lkW 


9610 Btu/h 


COP = -^- = 

2.2 kW 


= 1.28 


in 


(b) The COP of a reversible refrigerator operating between the same temperature limits is 


COP 


T 


L 


-12 + 273 


Camot 


= 8.156 


T h - T l (20 + 273) - (-12 + 273) 

The minimum power input to the compressor for the same refrigeration load would be 

Q l 2.816 kW 


W: 


in, mm 


= 0.3453 kW 


COP Camot 8.156 
The second-law efficiency of the cycle is 

tj u = ] %^ = ^^ = 0.\569 = ^ 5 . 7 % 


W: 


in 


2.2 


The total exergy destruction in the cycle is the difference between the actual and the minimum power inputs: 
Eldest, total = +n -+n. m ,n = 2.2 - 0.3453 = 1 .85 kW 


(c) The entropy generation in the condenser is 

+ m R (s 3 -s 2 ) 


^gen,cond p 


r T \ 

J w, 2 


T 

V W ’ 1 J 


= (0.15 kg/s)(4. 1 8 kJ/kg • °C)ln 


28 + 273 
20 + 273 


+ (0.03 125 kg/s)(0.4004 - 0.9267) kJ/kg • K) 


= 0.001 191 kW/K 

The exergy destruction in the condenser is 

Eldest, cond = 7+ge„,cond = (293 K)(0.001 191 kW/K) = 0.349 kW 
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11-35 An ideal vapor-compression refrigeration cycle is used to keep a space at a low temperature. The cooling load, the 
COP, the exergy destruction in each component, the total exergy destruction, and the second-law efficiency are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) The properties of R- 134a are (Tables A-l 1 through A- 13) 



The energy interactions in the components and the COP are 
q L =h l -h 4 =244.51 -135.93 = 108.6 kJ/kg 

q H =h 2 -h 3 =287.85-135.93 = 151.9 kJ/kg 
w in =h 2 -h { =287.85 -244.5 1 = 43.33 kJ/kg 

COP.^- 108 - 6 ™^ .2.506 
w in 43.33 kJ/kg 

(b) The exergy destruction in each component of the cycle is determined as follows 
Compressor: 

gen, 1-2 = s 2 ~ s \ = 9 
^*dest,l-2 = gen, 1-2 = 0 

Condenser: 

W-3 = *3 - s 2 + |r-= = (0.4791 - 0.9377) kJ/kg • K + = 0.05124 kJ/kg • K 

1 z9o K. 

& dc st, 2 -3 = Vgen,2-3 = (298 K)(0.05 124 kJ/kg • K) = 1 5.27 kJ/kg 

Expansion valve: 

5 gen, 3_4 = s 4 -s 3 = 0.525 1 - 0.479 1 = 0.04595 kJ/kg • K 

Eldest, 3-4 = r o^gen,3-4 = ( 298 K)(0.04595 kJ/kg • K) = 1 3.69 kJ/kg 
Evaporator: 

^gen.4-i = ii - s 4 - — = (0.9377 - 0.5251) kJ/kg • K - 108,6 kJ/kg = 0.02201 kJ/kg ■ K 

T l 278 K 

Eldest, 4-1 = •^o^' gen, 4-i = ( 298 K)(0. 02201 kJ/kg • K) = 6.56 kJ/kg 

The total exergy destruction can be determined by adding exergy destructions in each component: 

^-^dest, total — ^^dest,l-2 ^"dest,2-3 ^^dest,3-4 -^"dest,4-l 

= 0 + 15.27 + 13.69 + 6.56 = 35.52 kJ/kg 
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(c) The exergy of the heat transferred from the low-temperature medium is 


Ex u = -Ql 


I-To 

v T L J 


= -(108.6 kJ/kg) 


1 - 


298 

278 


= 7.812 kJ/kg 


The second-law efficiency of the cycle is 
Ex a 7 812 

//„ = — — = = 0. 1 803 = 1 8 . 0 % 

w in 43.33 

The total exergy destruction in the cycle can also be determined from 
£*dest, total = Win ~ Ex q L = 43 -33 - 7.812 = 35.52 kJ/kg 
The result is identical as expected. 

The second-law efficiency of the compressor is determined from 


*7 II, Comp 




recovered 




rev 


m[h 2 ~h x - T 0 (s 2 


X expended ^act, in 


m(h 2 — hi) 

since the compression through the compressor is isentropic (s 2 = £ 1 ), the second-law efficiency is 
^7 II, Comp =1 = 1 00 % 

The second-law efficiency of the evaporator is determined from 


^7 II, Evap 


dest,4-l 


X recovered _ Ql(^0 ^ l) ^ L 

X expended ™[*4 " h \ ~ T o(U "^)] * 4 ~X 


^ X 


where 


x 4 -x x =h 4 -h x -T 0 (s 4 - Si) 

= (135.93 - 244.5 1) kJ/kg - (298 K)(0.525 1 - 0.9377) kJ/kg • K 
= 14.37 kJ/kg 


Substituting, 


*1 II, Evap 


= 1 - 


-^dest,4-l 


X A -v, 


= 1 - 


6.56 kJ/kg 
14.37 kJ/kg 


= 0.544 = 54 . 4 % 
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11-36 An ideal vapor-compression refrigeration cycle uses ammonia as the refrigerant. The volume flow rate at the 
compressor inlet, the power input, the COP, the second-law efficiency and the total exergy destruction are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) The properties of ammonia are given in problem statement. An energy balance on the cindenser gives 

q H =h l -h 4 = 1439.3 - 437.4 = 1361 kJ/kg 


m = 


Q 


H 


18 kW 


= 0.01323 kg/s 


q H 1361 kJ/kg 
The volume flow rate is determined from 

Vj =mv 1 = (0.01323 kg/s)(0. 5946 m 3 /kg) 
= 0.007865 m 3 /s = 7.87 L/s 
(b) The power input and the COP are 



Q l = m{h x -h 4 ) = (0.01 323 kg/s)( 1439.3 - 437.4)kJ/kg = 13.25 kW 
13.25 kW 


COP = = 


W i 


in 


4.75 kW 


2.79 


(c) The exergy of the heat transferred from the low-temperature medium is 


Ex Q L = ~Ql 


1 - 


Tr 


T 


= -(13.25 kW) 


L J 


1 - 


300 

264 


= 1.81 kW 


The second-law efficiency of the cycle is 
E x q, 1.81 


*7n = 


W: 


in 


4.75 


= 0.381 = 38.1% 


The total exergy destruction in the cycle is the difference between the exergy supplied (power input) and the exergy 
recovered (the exergy of the heat transferred from the low-temperature medium): 


£*dest, total =W in ~Ex Ql =4.75 -1.81 = 2.94 kW 
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11-37 Prob. 11-36 is reconsidered. Using EES software, the problem is to be repeated ammonia, R-134a and R-22 is 

used as a refrigerant and the effects of evaporator and condenser pressures on the COP, the second-law efficiency and the 
total exergy destruction are to be investigated. 

Analysis The equations as written in EES are 


"GIVEN" 

P_1 =200 [kPa] 
P_2=2000 [kPa] 
Q_dot_H=18 [kW] 
T_L=(-9+273) [K] 
T_H=(27+273) [K] 


■2 Equations Window 




"GIVEN" 

P_1 =200 [kPa] 
P_2=2000 [kPa] 
Q_dot_H-18 [kW] 
T_L=(-9+273) [K] 
T_H=(27+273) [K] 


"PROPERTIES" 

Fluid$='ammonia' 

x_1 =1 

x_3=0 

h_1=enthalpy(Fluid$, P=P_1, x=x_1) 
s_1=entropy(Fluid$, P=P_1, x=x_1) 
v_1=volume(Fluid$, P=P_1, x=x_1) 
h_2=enthalpy(Fluid$, P=P_2, s=s_1) 
s_2=s_1 

h_3=enthalpy(Fluid$, P=P_2, x=x_3) 
s_3=entropy(Fluid$, P=P_2, x=x_3) 
h_4=h_3 

s_4=entropy(Fluid$, P=P_1, h=h_4) 

q_H=h_2-h_3 
m_dot=Q_dot_H/q_H 
Vol_dot_1 =m_dot*v_1 
Q_dot_L=m_dot*(h_1 -h_4) 
W_dot_in=m_dot*(h_2-h_1 ) 

CO P=Q_dot_L/W_dot_i n 
Ex_dot_QL=-Q_dot_L*(1 -T_H/T_L) 
eta_l 1= Ex_dot_QL/W_dot_i n 
Ex dot dest=W dot in-Ex dot QL 


"PROPERTIES" 

Fluid$='ammonia' 

xj =1 

x_3=0 

h_1 =enthalpy(Fluid$, P=P_1 , x=x_1 ) 
s_1 =entropy(Fluid$, P=P_1,x=x_1) 
v_1 =volume(Fluid$, P=P_1.x=x_1) 
h_2=enthalpy(Fluid$, P=P_2, s=s_1) 
s_2=s_1 

h_3=e nth alpy (Fluid$, P=P_2, x=x_3) 
s_3=entropy(Fluid$, P=P_2, x=x_3) 
h_4=h_3 

s_4=entropy(Fluid$, P=P_1, h=h_4) 


q_H=h_2-h_3 
m_d ot= Q_d ot_H/q_H 
Vol_dot_1 =m_dofv_1 
Q_dot_L=m_dot*(h_1 -h_4) 

W_d ot_i n = m_d ot*(h_2-h_1 ) 

CO P= Q_d ot_LM/_d ot_i n 
Ex_dot_QL=-Q_dot_L*(1 -T_H/T_L) 
eta_l I = Ex_d ot_Q L7W_d ot_i n 
Ex_d ot_d e st= W_d ot_i n-Ex_d ot_Q L 


The solutions in the case of ammonia, R-134a and R-22 are 


3 Solution 


Main | 

Unit Settings: [kJ]/[C]/[kPa]/[kg]/[degrees] 



COP = 2.791 

T]|| = 0.3805 

Ex des ,= 2.941 [kW] 

Ex QL = 1.807 [kW] 

Fluid$ = 'ammonia' 

^ = 1439.25 [kJ/kg] 

h 2 = 1 798.26 [kJ/kg] 

h 3 = 437.39 [kJ/kg] 

h 4 = 437.39 [kJ/kg] 

m = 0.01323 [kg/s] 

P-, = 200 [kPa] 

P 2 = 2000 [kPa] 

Q h =18 [kW] 

Q l = 13.252 [kW] 

q H =1361 [kJ/kg] 

St = 5.8865 [kJ/kg-K] 

s 2 = 5.8865 [kJ/kg-K] 

s 3 = 1 .7892 [kJ/kg-K] 

s 4 = 1 .9469 [kJ/kg-K] 

T h = 300 [K] 

T l = 264 [K] 

Vol-, = 0.007865 [m 3 /s] 

v-, = 0.5946 [m 3 /kg] 

W jn = 4.748 [kW] 

x ! =1 

x 3 =0 


No unit problems were detected. 


Calculation time = .0 sec 


1 1 ? Solution 


Jnx 

Main 

Unit Settings: [kJ]/[C]/[kPa]/[kg]/[degrees] 


COP =1.931 

T]|| = 0.2633 


Ex dest = 4.524 [kW] 

Ex QL =1.617[kW] 


Fluids = 'R1 34a' 

1^ = 244.46 [kJ/kg] 


h 2 = 292.46 [kJ/kg] 

h 3 = 151.76 [kJ/kg] 


h 4 = 151.76 [kJ/kg] 

m = 0.1 279 [kg/s] 


P-j = 200 [kPa] 

P 2 = 2000 [kPa] 


Q H = 1 8 [kW] 

Q l = 11.859 [kW] 


q H = 1 40.7 [kJ/kg] 

s 1 = 0.9377 [kJ/kg-K] 


s 2 = 0.9377 [kJ/kg-K] 

s 3 = 0.5251 [kJ/kg-K] 


s 4 = 0.5854 [kJ/kg-K] 

T h = 300 [K] 


T l = 264 [K] 

Voli = 0.01278 [m 3 /s] 


= 0.09987 [m 3 /kg] 

W jn = 6.141 [kW] 


X 1 =1 

x 3 = 0 


No unit problems were detected. 



Calculation time = .0 sec 
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1 12 Solution 


.□X 

Main 

Unit Settings: [kJ]/[C]/[kPa]/[kg]/[degrees] 


COP = 2.1 64 

ri|, = 0.2951 


Ex desl =4.01 [kW| 

Ex QL = 1.679 [kW] 


Fluids ='R22' 

^ = 394.67 [kJ/kg] 


h 2 = 454.51 [kJ/kg] 

h 3 = 265.1 7 [kJ/kg] 


h 4 = 265.1 7 [kJ/kg] 

m = 0.09507 [kg/s] 


Pi = 200 [kPa] 

P 2 = 2000 [kPa] 


Q H = 1 8 [kW] 

Q l =12.311 [kW] 


q H = 1 89.3 [kJ/kg] 

St = 1 .791 5 [kJ/kg-K] 


s 2 = 1 .791 5 [kJ/kg-K] 

s 3 = 1 .21 39 [kJ/kg-K] 


s 4 = 1 .2693 [kJ/kg-K] 

T h = 300 [K] 


T l = 264 [K] 

Voli = 0.01 068 [m 3 /s] 


v-, = 0.1 1 23 [m 3 /kg] 

W in = 5.689 [kW] 


X 1 =1 

CD 

li 

CO 

X 


No unit problems were detected. 



Calculation time = .0 sec 




Now, we investigate the effects of evaporating and condenser pressures on the COP, the second-law efficiency and the total 
exergy destruction. The results are given by tables and figures. 


■Z Parametric Table 

m* 

Table 1 
► 

1 .13 

i Z 

Pi 

[kPa] 

2 Z 

COP 

3 z 

nil 

4 Z 

Eldest 

[kW] 

Run 1 

100 

2.008 

0.2739 

4.345 

Run 2 

125 

2.216 

0.3022 

3.906 

Run 3 

150 

2.413 

0.3291 

3.538 

Run 4 

175 

2.604 

0.3551 

3.221 

Run 5 

200 

2.791 

0.3805 

2.941 

Run 6 

225 

2.975 

0.4056 

2.692 

Run 7 

250 

3.157 

0.4306 

2.466 

Run 8 

275 

3.34 

0.4554 

2.259 

Run 9 

300 

3.523 

0.4804 

2.068 

Run 10 

325 

3.707 

0.5055 

1.891 

Run 11 

350 

3.893 

0.5308 

1.726 

Run 12 

375 

4.081 

0.5564 

1.572 

Run 13 

400 

4.271 

0.5825 

1.426] 




100 150 200 250 300 350 400 


[kPa] 
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Ex d est [KW] COP Ex dest [kW] 
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P ! [kPa] 



P 2 [kPa] 



P 2 [kPa] 
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Selecting the Right Refrigerant 
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11-38C The desirable characteristics of a refrigerant are to have an evaporator pressure which is above the atmospheric 
pressure, and a condenser pressure which corresponds to a saturation temperature above the temperature of the cooling 
medium. Other desirable characteristics of a refrigerant include being nontoxic, noncorrosive, nonflammable, chemically 
stable, having a high enthalpy of vaporization (minimizes the mass flow rate) and, of course, being available at low cost. 


11-39C The minimum pressure that the refrigerant needs to be compressed to is the saturation pressure of the refrigerant at 
30°C, which is 0.771 MPa. At lower pressures, the refrigerant will have to condense at temperatures lower than the 
temperature of the surroundings, which cannot happen. 


11-40C Allowing a temperature difference of 10°C for effective heat transfer, the evaporation temperature of the refrigerant 
should be -20°C. The saturation pressure corresponding to -20°C is 0.133 MPa. Therefore, the recommended pressure 
would be 0. 12 MPa. 


11-41 A refrigerator that operates on the ideal vapor-compression cycle with refrigerant- 134a is considered. Reasonable 
pressures for the evaporator and the condenser are to be selected. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis Allowing a temperature difference of 10°C for effective heat transfer, the evaporation and condensation 
temperatures of the refrigerant should be -20°C and 35°C, respectively. The saturation pressures corresponding to these 
temperatures are 0.133 MPa and 0.888 MPa. Therefore, the recommended evaporator and condenser pressures are 0.133 
MPa and 0.888 MPa, respectively. 


11-42 A heat pump that operates on the ideal vapor-compression cycle with refrigerant- 134a is considered. Reasonable 
pressures for the evaporator and the condenser are to be selected. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis Allowing a temperature difference of 10°C for effective heat transfer, the evaporation and condensation 
temperatures of the refrigerant should be 4°C and 36°C, respectively. The saturation pressures corresponding to these 
temperatures are 338 kPa and 912 kPa. Therefore, the recommended evaporator and condenser pressures are 338 kPa and 
912 kPa, respectively. 
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11-43C A heat pump system is more cost effective in Miami because of the low heating loads and high cooling loads at 
that location. 


11-44C A water-source heat pump extracts heat from water instead of air. Water-source heat pumps have higher COPs 
than the air-source systems because the temperature of water is higher than the temperature of air in winter. 


11-45E A heat pump operating on the ideal vapor-compression refrigeration cycle with refrigerant- 1 34a as the working 
fluid is considered. The COP of the heat pump is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters the 
compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant tables (Tables A-l IE, A-12E, and A-13E), 


T x = 40°F I h x =h g@ 40 o ¥ = 108.78 Btu/lbm 
sat. vapor J s x = s g @ 4 o°f = 0.22189 kJ/kg • K 


P 2 = lOOpsia 
^2 = s \ 


h 2 = 1 14.98 Btu/lbm 


P 3 = lOOpsia 
sat. liquid 


^3 ~hf@ lOOpsia 


37.869 Btu/lbm 


h 4 = h 3 =37.869 Btu/lbm (throttling) 


The COP of the heat pump is determined from its definition, 


COP HP 



h 2' h 3 

h 2 - h i 


114.98- 37.869 

114.98- 108.78 


12.43 
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11-46 A heat pump operating on the ideal vapor-compression refrigeration cycle with refrigerant- 134a as the working fluid 
is considered. The COP and the rate of heat supplied to the evaporator are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters the 
compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant tables (Tables A-l 1, A- 12, and A- 13), 

P, = 200 k Pa] h x =h g@ 200 kPa =244.46 kJ/kg j A 


sat. vapor 


Si = s 


200 kra= 0.93773 kJ/kg -K 


P 2 = 1000 kPa 

S o — S i 


P 3 = 1000 kPa 
sat. liquid 


h 2 =277.98 kJ/kg 


^3 ~hf@ ioookPa -107.32 kJ/kg 


h 4 = h 3 =107.32 kJ/kg (throttling) 

The mass flow rate of the refrigerant is determined from 


3 / 1.0 MPa' 


200 kPa 


4s 4 


Win =m(h 2 - V) 


W in _ 6 kJ/s 

h 2 -h x ~ (277.98 - 244.46) kJ/kg 


= 0.179 kg/s 


Then the rate of heat supplied to the evaporator is 


Q l = m(h x - h 4 ) = (0.1 79 kg/s)(244.46 - 107.32) kJ/kg = 24.5 kW 
The COP of the heat pump is determined from its definition, 

C QP HP= i« = V2i = 277 - 98 - 107 -32 =5 . 09 

w in h 2 - h x 277.98 - 244.46 
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11-47 A heat pump operating on the ideal vapor-compression refrigeration cycle with refrigerant- 1 34a as the working fluid 
is considered. The rate of heat transfer to the heated space and the COP are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters 
the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. 



(b) The properties as given in the problem statement are 
h 4 = h 3 = hf@ 1400 kPa = 127.2 kJ/kg 
h\ = h g @ 2o°c =261.6 kJ/kg. 

The enthalpy at the compressor exit is 


w in ~hi ~h\ > h 2 = h x + w in = 261 .6 kJ/kg + 20 kJ/kg = 28 1 .6 kJ/kg 


The mass flow rate through the cycle is 


Q l - m(h x - h 4 ) > m = 


Q 


L 


2.7 kJ/s 


h x -h 4 (261.6 -127.2) kJ/kg 

The rate of heat transfer to the heated space is 

q h = m(h 2 -h 3 ) = (0.02009 kg/s)(28 1.6- 127.2) kJ/kg = 3.1 OkW 
(c) The COP of the heat pump is 

Qh Qh 3.10 kW 


= 0.02009 kg/s 


COP HP = 


W in mw m (0.02009 kg/s)(20 kJ/kg) 


7.72 
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11-48 A heat pump vapor-compression refrigeration cycle with refrigerant- 134a as the working fluid is considered. The 
hardware and the T-s diagram for this heat pump are to be sketched. The power input and the COP are to be determined. 

Analysis (a) In a normal vapor-compression refrigeration cycle, the refrigerant enters the compressor as a saturated vapor at 
the evaporator pressure, and leaves the condenser as saturated liquid at the condenser pressure. 
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11-49 A geothermal heat pump is considered. The degrees of subcooling done on the refrigerant in the condenser, the mass 
flow rate of the refrigerant, the heating load, the COP of the heat pump, the minimum power input are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) From the refrigerant- 134a tables (Tables A-l 1 through A- 13) 


T 4 = 20°C 
x 4 = 0.23 
h 3 = h 4 


P 4 = 572.1 kPa 
h 4 =121.24 kJ/kg 


P x = 572.1 kPa 
x x = 1 (sat. vap.) 

P 2 = 1400 kPa 

S o — S i 


h x =261.59 kJ/kg 
Sj = 0.9223 kJ/kg 

h 2 = 280.00 kJ/kg 


^<2h 


Condenser 



Expansion 

valve 


1.4 MPa 


-I- S 2~S\ 


2 ” J 1 

From the steam tables (Table A-4) 

h w \ = hf@ 5 o°c =209.34 kJ/kg 
h W 2 = hf@ 40 °c =167.53 kJ/kg 

The saturation temperature at the condenser pressure of 
1400 kPa and the actual temperature at the condenser 
outlet are 

^sat (a), 1 400 kPa = 52.40°C 


Compressor 


20°C 

x=0.23 


Evaporator 


Water 


W, 


sat. vap. 


4- 40°C 


A = 1400 kPa 


r 3 = 48.59°C (from EES) 


h 3 =121.24 kJ/kg 

Then, the degrees of subcooling is 

AT subcool = r sat -T 3 = 52.40 - 48.59 = 3.81 °C 
( b ) The rate of heat absorbed from the geothermal water in the evaporator is 

Ql = <(Ki -Ki) = (0.065 kg/s)(209.34 - 167 .53)kJ/kg = 2.718kW 
This heat is absorbed by the refrigerant in the evaporator 
Q l 2.71 8 kW 



m R = 


h { - h 4 


0.01936 kg/s 


(261.59- 12 1.24)kJ/kg 
(c) The power input to the compressor, the heating load and the COP are 

W in = m R (h 2 -h ] ) + Q out = (0.01936kg/s)(280.00-261.59)kJ/kg = 0.6564 kW 

Qh = m R Oh ~h 3 ) = (0.01936kg/s)(280.00-121.24)kJ/kg = 3.074 kW 


COP = 


Q 


H 


3.074 kW 


W;„ 0.6564 kW 


= 4.68 


in 


(d) The reversible COP of the cycle is 

1 


COP rev = 


1 


1 -t l /t h 


1 - (25 + 273) /(50 + 273) 
The corresponding minimum power input is 

Q h 3.074 kW 


= 12.92 




in,min 


COP 


rev 


12.92 


0.238 kW 
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11-50 An actual heat pump cycle with R-134a as the refrigerant is considered. The isentropic efficiency of the compressor, 
the rate of heat supplied to the heated room, the COP of the heat pump, and the COP and the rate of heat supplied to the 
heated room if this heat pump operated on the ideal vapor-compression cycle between the same pressure limits are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) The properties of refrigerant- 134a are (Tables A-l 1 through A- 13) 


P 2 = 800 kPa 
T 2 = 55°C 

•^3 — ^sat@750kPa 

P 3 = 750 kPa 


T 3 = (29.06 -3)°C 
h 4 =h 3 = 87.91 kJ/kg 


h 2 =291.76 kJ/kg 
= 29.06°C 

h 3 = 87.91 kJ/kg 


^sat@200kPa “ 10.09°C 


P x = 200 kPa 
T x = (-10.09 + 4)°CJ 


h x = 247.87 kJ/kg 
's x =0.9506 kJ/kg 


P 2 = 800 kPa 


— s i 


>h 2s = 277.26 


750 kPa 

A 



\ 

Condenser 




800 kPa 
55°C 


X Expansion 
valve 


Compressor 



Evaporator 


Q\ 


The isentropic efficiency of the compressor is 

n c = 


K-K = 277.26-247.87 = 0 _ 67Q 


h 2 -h x 291.76-247.87 

(b) The rate of heat supplied to the room is 

q h = m(h 2 - h 3 ) = (0.0 1 8 kg/s)(29 1 .76 - 87.9 l)kJ/kg = 3.67 kW 

(c) The power input and the COP are 

W in = m(h 2 -h x ) = (0.018 kg/s)(29 1.76- 247. 87)kJ/kg = 0.790 kW 



COP = 4^- = = 4.64 

W in 0.790 

(d) The ideal vapor-compression cycle analysis of the cycle is as 
follows: 
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11-51C Performing the refrigeration in stages is called cascade refrigeration. In cascade refrigeration, two or more 
refrigeration cycles operate in series. Cascade refrigerators are more complex and expensive, but they have higher COP’s, 
they can incorporate two or more different refrigerants, and they can achieve much lower temperatures. 


11-52C Cascade refrigeration systems have higher COPs than the ordinary refrigeration systems operating between the 
same pressure limits. 


11-53C The saturation pressure of refrigerant- 134a at -32°C is 77 kPa, which is below the atmospheric pressure. In reality 
a pressure below this value should be used. Therefore, a cascade refrigeration system with a different refrigerant at the 
bottoming cycle is recommended in this case. 


11-54C We would favor the two-stage compression refrigeration system with a flash chamber since it is simpler, cheaper, 
and has better heat transfer characteristics. 


11-55C Yes, by expanding the refrigerant in stages in several throttling devices. 


11-56C To take advantage of the cooling effect by throttling from high pressures to low pressures. 
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11-57 A two-stage compression refrigeration system with refrigerant- 134a as the working fluid is considered. The 

fraction of the refrigerant that evaporates as it is throttled to the flash chamber, the rate of heat removed from the 
refrigerated space, and the COP are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 The flash 
chamber is adiabatic. 


Analysis (a) The enthalpies of the refrigerant at several states are determined from the refrigerant tables (Tables A-l 1, A- 
12, and A- 13) to be 


h { = 234.44 kJ/kg, 
h 3 =255.55 kJ/kg, 
h 5 = 127.22 kJ/kg, 
h 7 = 63.94 kJ/kg, 


h 2 =262.68 kJ/kg 

h 6 = 127.22 kJ/kg 
h s = 63.94 kJ/kg 


The fraction of the refrigerant that evaporates as it is 
throttled to the flash chamber is simply the quality at 
state 6, 


h 6 ~h f _ 127.22-63.94 
~~h~ fg ~~ 19L62 


0.3303 



(b) The enthalpy at state 9 is determined from an energy balance on the mixing chamber: 

E -E -A F <^0 (steady) _ q 
-^ out system w 

- ^out 

YjKK =^m i h i 

(l )hg = x 6 h 3 + (l - X 6 )h 2 

h g = (0.3303)(255.55)+ (l - 0.3303)(262.68)= 260.33 kJ/kg 


Pg = 0.4 MPa 
hg = 260.33 kJ/kg 


>s, 


= 0.9437 kJ/kg -K 


also, 


P 4 =1.4 MPa 

= 0.9437 kJ/kg • K 



= 287.07 kJ/kg 


Then the rate of heat removed from the refrigerated space and the compressor work input per unit mass of refrigerant 
flowing through the condenser are 

m B = (l - x 6 )m A = (l - 0.3303X0.25 kg/s)= 0.1674 kg/s 

Qi = m B (/?, -h s )= (0. 1674 kg/sX234.44 - 63.94) kJ/kg = 28.55 kW 

Win = ^compljn + ^complljn = lh A ( h 4 ~ N ) + " l B ( h 2 ~ >h ) 

= (o.25 kg/sX287.07 - 260.33) kJ/kg + (o. 1674 kg/sX262.68 - 234.44)kJ/kg 
= 11.41 kW 


(c) The coefficient of performance is determined from 


COP R 


Ql 


28.55 kW 
11.41 kW 


= 2.50 
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11-58 A two-stage compression refrigeration system with refrigerant- 134a as the working fluid is considered. The fraction 
of the refrigerant that evaporates as it is throttled to the flash chamber, the rate of heat removed from the refrigerated space, 
and the COP are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 The flash 
chamber is adiabatic. 


Analysis (a) The enthalpies of the refrigerant at several states are determined from the refrigerant tables (Tables A-l 1, A- 
12, and A- 13) to be 


h x = 234.44 kJ/kg, 
h 3 =262.40 kJ/kg, 
h 5 =121.22 kJ/kg, 
h 7 = 8 1.51 kJ/kg, 


h 2 =271.40 kJ/kg 

h 6 = 127.22 kJ/kg 
h % = 8 1.51 kJ/kg 


The fraction of the refrigerant that evaporates as it is 
throttled to the flash chamber is simply the quality at 
state 6, 


*6 = 


h 6 -h f 


h 


fg 


127.22-81.51 

180.90 


0.2527 


(b) The enthalpy at state 9 is determined from an energy 
balance on the mixing chamber: 



^in -^out 


_ A/7 ^0 (steady) _ n 

— ZAI^ system — U 


^in ^out 

(l )h 9 = x 6 h 3 +{l-x 6 )h 2 

h 9 = (0.2527X262.40)+ (l - 0.2527X271.40)= 269.13 kJ/kg 


P 9 = 0.6 MPa 
h 9 =269.13 kJ/kg 


s 9 =0.9443 kJ/kg -K 


also, 


P 4 = 1.4 MPa 

S 4 zz 0.9443 kJ/kg -K 


\h 4 = 287.28 kJ/kg 


Then the rate of heat removed from the refrigerated space and the compressor work input per unit mass of refrigerant 
flowing through the condenser are 

m B =(l -x 6 )m A =(l-0.2527)(0.25 kg/s) = 0.1 868 kg/s 

Q l = m B (h\ - /z 8 ) = (0. 1 868 kg/s)(234.44- 81.51) kJ/kg = 28.57 kW 

W in = ^compl.,,, + ^complljn = m A ~ h 9 ) + ,h B ( h 2 - h \ ) 

= (0.25 kg/sX287.28 - 269. 13) kJ/kg + (0.1868 kg/s)(27 1. 40 - 234.44) kJ/kg 
= 11.44 kW 


(c) The coefficient of performance is determined from 


COP R 


Q l 28.57 kW , 5Q 
WAt,, n H.44 kW 
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11-59 



Problem 11-57 is reconsidered. The effects of the various refrigerants in EES data bank for compressor 


efficiencies of 80, 90, and 100 percent is to be investigated. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


Fluid$='R1 34a' 

"Input Data" 

P[1]=100 [kPa] 

P[4] = 1400 [kPa] 

P[6]=400 [kPa] 

"Eta_comp =1 .0" 
m_dot_A=0.25 [kg/s] 

"High Pressure Compressor A" 

P[9]=P[6] 

h4s=enthalpy(Fluid$,P=P[4],s=s[9]) "State 4s is the isentropic value of state 4" 
h[9]+w_compAs=h4s "energy balance on isentropic compressor" 

w_compA=w_compAs/Eta_comp"definition of compressor isentropic efficiency" 
h[9]+w_compA=h[4] "energy balance on real compressor-assumed adiabatic" 
s[4]=entropy(Fluid$,h=h[4],P=P[4]) "properties for state 4" 
T[4]=temperature(Fluid$,h=h[4],P=P[4]) 

W_dot_co m p A= m_d ot_A* w_co m p A 

"Condenser" 

P[5]=P[4] "neglect pressure drops across condenser" 

T[5]=temperature(Fluid$,P=P[5],x=0) "properties for state 5, assumes sat. liq. at cond. exit" 
h[5]=enthalpy(Fluid$,T=T[5],x=0) "properties for state 5" 
s[5]=entropy(Fluid$,T=T[5],x=0) 
h[4]=q_H+h[5] "energy balance on condenser" 

Q_dot_H = m_dot_A*q_H 


"Throttle Valve A" 

h[6]=h[5] "energy balance on throttle - isenthalpic" 
x6=quality(Fluid$,h=h[6],P=P[6]) "properties for state 6" 
s[6]=entropy(Fluid$,h=h[6],P=P[6]) 
T[6]=temperature(Fluid$,h=h[6],P=P[6]) 

"Flash Chamber" 
m_dot_B = (1-x6) * m_dot_A 
P[7] = P[6] 

h[7]=enthalpy(Fluid$, P=P[7], x=0) 
s[7]=entropy(Fluid$,h=h[7],P=P[7]) 
T[7]=temperature(Fluid$,h=h[7],P=P[7]) 

"Mixing Chamber" 

x6*m_dot_A*h[3] + m_dot_B*h[2] =(x6* m_dot_A + m_dot_B)*h[9] 
P[3] = P[6] 

h[3]=enthalpy(Fluid$, P=P[3], x=1) "properties for state 3" 
s[3]=entropy(Fluid$,P=P[3],x=1 ) 
T[3]=temperature(Fluid$,P=P[3],x=x1) 
s[9]=entropy(Fluid$,h=h[9],P=P[9]) "properties for state 9" 
T[9]=temperature(Fluid$,h=h[9],P=P[9]) 

"Low Pressure Compressor B" 

xl =1 "assume flow to compressor inlet to be saturated vapor" 
h[1]=enthalpy(Fluid$,P=P[1],x=x1) "properties for state 1" 

T[1 ]=temperature(Fluid$,P=P[1 ], x=x1 ) 
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s[1 ]=entropy(Fluid$,P=P[1 ],x=x1 ) 

P[2]=P[6] 

h2s=enthalpy(Fluid$,P=P[2],s=s[1]) " state 2s is isentropic state at comp, exit" 
h[1]+w_compBs=h2s "energy balance on isentropic compressor" 

w_compB=w_compBs/Eta_comp"definition of compressor isentropic efficiency" 
h[1]+w_compB=h[2] "energy balance on real compressor-assumed adiabatic" 
s[2]=entropy(Fluid$,h=h[2],P=P[2]) "properties for state 2" 
T[2]=temperature(Fluid$,h=h[2],P=P[2]) 

W_dot_compB=m_dot_B*w_compB 

"Throttle Valve B" 

h[8]=h[7] "energy balance on throttle - isenthalpic" 
x8=quality(Fluid$,h=h[8],P=P[8]) "properties for state 8" 
s[8]=entropy(Fluid$,h=h[8],P=P[8]) 

T[8]=temperature(Fluid$,h=h[8],P=P[8]) 

"Evaporator" 

P[8]=P[1] "neglect pressure drop across evaporator" 
q_L + h[8]=h[1] "energy balance on evaporator" 

Q_dot_L= m_dot_B*q_L 


"Cycle Statistics" 

W_dot_in_total = W_dot_compA + W_dot_compB 
COP=Q_dot_L/W_dot_Jn_total "definition of COP" 


ncomD 

Ql fkWl 

COP 

0.6 

28.55 

1.438 

0.65 

28.55 

1.57 

0.7 

28.55 

1.702 

0.75 

28.55 

1.835 

0.8 

28.55 

1.968 

0.85 

28.55 

2.101 

0.9 

28.55 

2.234 

0.95 

28.55 

2.368 

1 

28.55 

2.501 
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^comp 


300 
250 
200 
150 
100 
50 
0 

0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 

^comp 







- 



immoma 


- 

- 






- 

- 



R22 



- 


R R R R £ 




R134a 





R134a 



P[6] [kPa] 
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11-60 A two-stage cascade refrigeration cycle is considered. The mass flow rate of the refrigerant through the upper cycle, 
the rate of heat removal from the refrigerated space, and the COP of the refrigerator are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) The properties are to be obtained from the refrigerant tables (Tables A-l 1 through A- 13): 


\ ~ h g @ 200 kPa _ 244.46 kJ/kg 
“ s g@ 200 kPa ~ 0.9377 kJ/kg. K 


P 2 = 500 kPa 

^2 = s l 


\h 2s =263.30 kJ/kg 


Vc = 
0.80 = 


h 2s ~ h \ 

h 2 -h x 

263.30-244.46 
h 2 -244.46 


>/z 2 =268.01 kJ/kg 


^3 “ ^/@ 500 kPa - 23.33 kJ/kg 
h 4 = h 3 =73.33 kJ/kg 


^5 ~h g @ 400 kPa -255.55 kJ/kg 
^5 = s g@ 400 kPa = 0.9269 kJ/kg. K 


P 6 = 1200 kPa 

*6 = ^5 


\h 6s =278.33 kJ/kg 


„ _ h 6s~ h 5 

h-h 5 

0,80= 27833 -255.55 =284.02 kJ/kg 

h 6 -255.55 



^7 “ ^/@ 1200 kPa “ 1 17.77 kJ/kg 
h s =h 7 =117.77 kJ/kg 


The mass flow rate of the refrigerant through the upper cycle is determined from an energy balance on the heat exchanger 

m A (h 5 -h s ) = m B (h 2 -h 3 ) 

m A (255.55 - 1 17.77)kJ/kg = (0. 1 5 kg/s)(268.01 - 73.33)kJ/kg > m A = 0.21 2 kg/s 


(b) The rate of heat removal from the refrigerated space is 

q l = m B (h x -h 4 ) = (0.15 kg/s)(244.46-73.33)kJ/kg = 25.67 kW 

(c) The power input and the COP are 


Win = (K -h 5 ) + m B (h 2 - h x ) 

= (0.15 kg/s)(284.02- 255. 55)kJ/kg + (0.212 kg/s)(26 8.01 -244. 46)kJ/kg = 9.566 kW 


COP = 




25.67 

9.566 


2.68 
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11-61 A two-evaporator compression refrigeration cycle with refrigerant- 134a as the working fluid is considered. The 
cooling rate of the high-temperature evaporator, the power required by the compressor, and the COP of the system are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 




Analysis From the refrigerant tables (Tables A-l 1, A- 12, and A- 13), 

P 3 = 800 kPa 1 - 95 47 kJ/kg 

sat. liquid J “ f ® 800 kPa “ 95 ' 47 kJ/kg 


h 4 = h 6 = h 3 = 95.47 kJ/kg (throttling) 


t 5 = o°c 

sat. vapor 


h 5 — hg @ o°c — 250.45 kJ/kg 


T n = -26.4°C 


k l =k 8 


-26.4°c _ 234.44 kJ/kg 


sat. vapor 

The mass flow rate through the low-temperature evaporator is found by 

Ql 8kJ/s 


Ql =m 1 {h 1 -h 6 ) 


= 


h-j —h ( 


= 0.05757 kg/s 


(234.44 -95.47) kJ/kg 

The mass flow rate through the warmer evaporator is then 
m x = m - m 2 =0.1- 0.05757 = 0.04243 kg/s 

Applying an energy balance to the point in the system where the two evaporator streams are recombined gives 

(0.04243)(250.45) + (0.05757)(234.44) 


th\h 5 +m 2 h 7 — mh x 


h\ — 


m x h 5 +m 2 h 7 


m 


0.1 


= 241.23 kJ/kg 


Then, 


^1 - ^sat@- 26 . 4 °C - 100 kPa 
h x =241.23 kJ/kg 

P 2 = 800 kPa 


s x =0.9789 kJ/kg -K 


h 2 = 286.26 kJ/kg 

^2 — ^1 

The cooling rate of the high-temperature evaporator is 

q l = m x (h 5 -h 4 ) = (0.04243 kg/s)(250.45 - 95.47) kJ/kg = 6.58 kW 
The power input to the compressor is 

W m = m(h 2 -h x ) = (0.1kg/s)(286.26- 241.23) kJ/kg = 4.50 kW 
The COP of this refrigeration system is determined from its definition, 

Q l (8 + 6.58) kW 


COP R = 


W: 


in 


4.50 kW 


= 3.24 
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11-62E A two-evaporator compression refrigeration cycle with refrigerant- 134a as the working fluid is considered. The 
power required by the compressor and the COP of the system are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 




Analysis From the refrigerant tables (Tables A-l IE, A-12E, and A-13E), 
2.;:r } '■= =*/8»p... = 51.50 Btu/lbm 

h 4 = h 6 = h 3 =51.50 Btu/lbm (throttling) 

P 5 =30psia 
sat. vapor 


h 5 = + @ 30 P sia =105.32 Btu/lbm 


h i = h s @ topsia = 98.68 Btu/lbm 


P 7 =10psia 
sat. vapor 

The mass flow rates through the high-temperature and low-temperature evaporators are found by 

Ql,i 9000 Btu/h 


Ql,\ = m \ ( h 5 ~ h 4 ) > '«! = 


Ql , 2 = th 2 ( h l - h 6 ) > m 2 = 


h 5 -h 4 (105.32 -51.50) Btu/lbm 

Ql ,2 24,000 Btu/h 


= 167.2 lbm/h 


= 508.6 lbm/h 


h 7 -h 6 (98.68 -51.50) Btu/lbm 

Applying an energy balance to the point in the system where the two evaporator streams are recombined gives 

m x h 5 + m 2 h 7 (167.2)(105.32) + (508.6)(98.68) 


th { h 5 +m 2 h’i = (m ] +m 2 )h x 


->h { = 


m 1 +m 2 


167.2 + 508.6 


= 100.33 Btu/lbm 


Then, 


P { = lOpsia 

h x = 100.33 Btu/lbm 


s x = 0.2333 Btu/lbm • R 


P 2 = 180psia I 
^2 = ^1 




hn = 127.05 Btu/lbm 


The power input to the compressor is 

Wj n = ( /7 h +^ 2 X ^2 ~ = (167.2 + 508.6) lbm/h( 127.05 - 100.33) Btu/lbm| 

The COP of this refrigeration system is determined from its definition, 


lkW 


34 12. 14 Btu/h 


5.29 kW 


CO p R = Ql_ = (24,000 + 9000) Btu/h 


W; 


in 


5.29 kW 


lkW 


3412.14 Btu/h 


1.83 
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11-63E A two-evaporator compression refrigeration cycle with refrigerant- 134a as the working fluid is considered. The 
power required by the compressor and the COP of the system are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 



Analysis From the refrigerant tables (Tables A-l IE, A-12E, and A-13E), 
^3 =180 psia 1 c, 


sat. liquid 


>h =/i /@i80psia = 51.50 Btu/lbm 


h 4 -h 6 = h 3 =51.50 Btu/lbm (throttling) 
IvapoT } '' < =H0.11 B tu/lbm 


P 7 =10 psia 
sat. vapor 


h i — + @ io psia =98.68 Btu/lbm 


The mass flow rates through the high-temperature and low-temperature evaporators are found by 
A • s . • Ql,\ 30,000 Btu/h C11C> 


Ql\ ='»i( /! 5 ~K) 


m x = 


C L , i _ 30,000 Btu/h 

h 5 -h 4 ”(110.1 1-51.50) Btu/lbm 


= 511.8 lbm/h 


m 2 = 


= 508.6 lbm/h 


a ■ n , \ ■ @ L ’ 2 24,000 Btu/h 

Q , 7 = m, /i 7 - h h ) » m, = = = 508.6 lbm/h 

L ' 2 2 7 6 2 h 7 -h 6 (98.68 -51.50) Btu/lbm 

Applying an energy balance to the point in the system where the two evaporator streams are recombined gives 

, ni\h 5 + m 2 h 7 (51 1.8)(1 10.1 1) + (508.6)(98.68) /lt 

mJic +m ? h 1 = (ra, +m 2 )h ] >/z, = = = 1 04.4 1 Btu/lt 

m x +m 2 511.8 + 508.6 


rh x h 5 +m 2 h 7 = (m x -\-m 2 )h x 


h x = 


= 104.41 Btu/lbm 


Then, 


P x = 10 psia 

h x = 104.41 Btu/lbm 


s x = 0.2423 Btu/lbm • R 


P 2 = 180 psia 


^2 =Si 


ho =132.69 Btu/lbm 


The power input to the compressor is 

W m = (m x +rh 2 )(h 2 - h x ) = (51 1.8 + 508.6) lbm/h(l 32.69 - 104.41) Btu/lb 

The COP of this refrigeration system is determined from its definition, 

™ Q l (24,000 + 30,000) Btu/h ( 1 kW ^ H „ 


lkW 

34 12. 14 Btu/h 


8.46 kW 


COP R =A^ = 
W 

rr in 


8.46 kW 


lkW 

3412.14 Btu/h 


1.87 
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11-64 A two-stage cascade refrigeration system is considered. Each stage operates on the ideal vapor-compression cycle 
with upper cycle using water and lower cycle using refrigerant- 134a as the working fluids. The mass flow rate of R- 134a 
and water in their respective cycles and the overall COP of this system are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 The heat 
exchanger is adiabatic. 


Analysis From the water and refrigerant tables (Tables A-4, A-5, A-6, A-l 1, A- 12, and A- 13), 


r, = 5°c 

sat. vapor 

P 2 =1.6 MPa 

^2 = ^1 

P 3 =1.6 MPa 
sat. liquid 


h\ — (a) 5 °c = 25 10.1 kJ/kg 


s i= s g @ 5 °c = 9.0249 kJ/kg • K 
h 2 =5083.4 kJ/kg 


^3 ~hf@ 1.6 MPa -858.44 kJ/kg 


h 4 = h 3 =858.44 kJ/kg (throttling) 


T 5 = -40°C 
sat. vapor 

P 6 = 400 kPa 

*6 = ^5 

P 7 = 400 kPa 
sat. liquid 


h 3 — hg @ -4o°c — 225.86 kJ/kg 
s 3 — s q @ — 40 °c — 0.96866 kJ/kg ■ K. 

h 6 =267.59 kJ/kg 


^7 -^/@400kPa -63.94 kJ/kg 



h s =h 7 =63.94 kJ/kg (throttling) 


The mass flow rate of R- 134a is determined from 


Ql =’ h R( h 5~lh) 


->m R = 


Q 


L 


~ h i 


20kJ/s 

(225.86 -63.94) kJ/kg 


0.1235 kg/s 


An energy balance on the heat exchanger gives the mass flow rate of water 
m R (h 6 -h 1 ) = m w (h l -h 4 ) 


*m w =m R 


h( ~ h 7 
h t - h 4 


.. 267.59-63.94 _ _ . ___ , 

= (0. 1235 kg/s) = 0.01 523 kg/s 

2510.1-858.44 


The total power input to the compressors is 
W in = m R (h 6 -h 5 ) + m w (h 2 - h x ) 

= (0. 1235 kg/s)(267.59 - 225.86) kJ/kg + (0.0 1523 kg/s)(5083.4 - 25 10.1) kJ/kg 
= 44.35 kJ/s 


The COP of this refrigeration system is determined from its definition, 


COP R 




20 kJ/s 
44.35 kJ/s 


0.451 
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11-65 A two-stage vapor-compression refrigeration system with refrigerant- 134a as the working fluid is considered. The 
process with the greatest exergy destruction is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From Prob. 1 1-55 and the water and refrigerant tables (Tables A-4, A-5, A-6, A-l 1, A- 12, and A- 13), 

s { = s 2 = 9.0249 kJ/kg-K 
s 3 = 2.3435 kJ/kg-K 
s 4 =3.0869 kJ/kg-K 
s 5 = s 6 = 0.96866 kJ/kg-K 
s 7 = 0.24757 kJ/kg-K 
s 8 =0.27423 kJ/kg-K 
m R =0.1235 kg/s 
m w =0.01523 kg/s 
q L =h 5 -h s = 161.92 kJ/kg 
q H = h 2 - /i 3 = 4225.0 kJ/kg 
T l = -30°C = 243 K 
T h = 30°C = 303 K 
T 0 = 30°C = 303 K 



The exergy destruction during a process of a stream from an inlet state to exit state is given by 


•^dest ^cAgen ^0 


^ ~ S i 


<7i 


in 


^out 


T, 


source 


^sink J 


Application of this equation for each process of the cycle gives 


X destroyed, 23 ~ m w ^ 0 


^3 ~S 2 + 


H 


T 


= (0.0 1523)(303 K) 


h j 


2.3435-9.0249 + 


4225.0 


303 


= 33.52 kJ/s 


X destroyed, 34 =™w T o( s 4 ~ s 3 ) = (0.0 1 523)(303)(3 .0869 - 2.3435) = 3 .43 kJ/s 
* destroyed, 78 = (*8 - ) = (0. 1235)(303)(0.27423 - 0.24757) = 0.996 kJ/s 


X destroyed, 85 ^ R ^0 


—Ss 


Ql 


T 


= (0.1235)(303) 


L J 


0.96866-0.27423 


161.92 

243 


= 1.05 kJ/s 


X destroyed, heat exch -^0 \p^ w ( ^ 1 ^4 )~*~^r(^7 ^ 6 ) ] 

= (303)[(0.01523)(9.0249 - 3.0869) + (0. 1235)(0.24757 - 0.96866)] =0.417 kJ/s 
For isentropic processes, the exergy destruction is zero: 
y — n 

^ destroyed, 12 v 


v — o 

destroyed, 56 w 


Note that heat is absorbed from a reservoir at -30°C (243 K) and rejected to a reservoir at 30°C (303 K), which is also taken 
as the dead state temperature. Alternatively, one may use the standard 25°C (298 K) as the dead state temperature, and 
perform the calculations accordingly. The greatest exergy destruction occurs in the condenser. 
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11-66 A two-stage cascade refrigeration cycle with a flash chamber with refrigerant- 134a as the working fluid is 
considered. The mass flow rate of the refrigerant through the high-pressure compressor, the rate of refrigeration, the COP 
are to be determined. Also, the rate of refrigeration and the COP are to be determined if this refrigerator operated on a 
single-stage vapor-compression cycle under similar conditions. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) From the refrigerant- 134a tables (Tables A-l 1 through A- 13) 


h\ - h g @- io°c ~ 244.5 1 kJ/kg 
~^g@-io°c — 0.9377 kJ/kg. K 


P 2 = 450kPa 
^2 =*1 


\h 2s = 261.07 kJ/kg 


TJc = 
0.86 = 


h 2 s - >h 

h 2 — h x 

261.07-244.51 
h 2 -244.51 


>h 2 = 263.76 kJ/kg 


^3 ~ h g @ 450 kPa - 257.53 kJ/kg 

^5 ~h/@ 1600 kPa =135.93 kJ/kg 
h 6 =h 5 = 135.93 kJ/kg 

^ 7 = hf@ 450 kPa =68.81 kJ/kg 
h s =h 7 =68.81 kJ/kg 


h 6 

Pe 


= 135.93 kJ/kg 
= 450 kPa 


>x t 


= 0.3557 



The mass flow rate of the refrigerant through the high pressure compressor is determined from a mass balance on the flash 
chamber 


m = 


m 7 

l-x 6 


0.11 kg/s 
1 -0.3557 


= 0.1707 kg/s 


Also, 

m 3 = m - m 7 = 0. 1 707 - 0. 1 1 = 0.06072 kg/s 

( b ) The enthalpy at state 9 is determined from an energy balance on the mixing chamber: 

mh 9 =m 7 h 2 + m 3 /z 3 

(0.1707 kg/s )h 9 = (0.1 1 kg/s)(263.76 kJ/kg) + (0.06072 kg/s)(257.53 kJ/kg) >h 9 = 261.54 kJ/kg 


Then, 



450 kPa 
261.54 kJ/kg 


= 0.9393 kJ/kg 


P 4 =1600 kPa 

^4 — S 9 


\h 4s =288.41 kJ/kg 


ric 

0.86 


^4 s ^9 

h 4 - h 9 

288.41-261.54 
h 4 -261.54 


» h 4 = 292.78 kJ/kg 
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The rate of heat removal from the refrigerated space is 

q l = m 7 (h { -h s ) = (0M kg/s)(244.5 1-68.8 l)kJ/kg = 1 9.33 kW 
(c) The power input and the COP are 

W m = "h ( h 2 ~ h \) + f n(h 4 - hg ) 

= (0.11 kg/s)(263.76 - 244.5 l)kJ/kg + (0.1707 kg/s)(292.78 - 261.54)kJ/kg = 7.45 kW 

COP = 4^ = = 2.59 

W m 7.45 

(i d) If this refrigerator operated on a single-stage cycle between the same pressure limits, we would have 


\ - h g @- io°c _ 244.51 kJ/kg 



^3 - ^/@ 1600 kPa - 135.93 kJ/kg 
h 4 =h 3 = 135.93 kJ/kg 

q l =m(h l -h 4 ) = (0.1707kg/s)(244.51 - 135.93)kJ/kg = 18.54 kW 
W m = m(h 2 - h { ) = (0.1 707 kg/s)(294.90 - 244.5 l)kJ/kg = 8.60 kW 


COP = 




18.54 

8.60 


2.16 


Discussion The cooling load decreases by 4.1% while the COP decreases by 16.6% when the cycle operates on the single- 
stage vapor-compression cycle. 
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11-67C The ideal gas refrigeration cycle is identical to the Brayton cycle, except it operates in the reversed direction. 


11-68C In the ideal gas refrigeration cycle, the heat absorption and the heat rejection processes occur at constant pressure 
instead of at constant temperature. 


11-69C The reversed Stirling cycle is identical to the Stirling cycle, except it operates in the reversed direction. 
Remembering that the Stirling cycle is a totally reversible cycle, the reversed Stirling cycle is also totally reversible, and 
thus its COP is 

Stirling — 

H L 


11-70C In aircraft cooling, the atmospheric air is compressed by a compressor, cooled by the surrounding air, and 
expanded in a turbine. The cool air leaving the turbine is then directly routed to the cabin. 


11-71C No; because h = h(T) for ideal gases, and the temperature of air will not drop during a throttling (h x = h 2 ) process. 


11-72C By regeneration. 
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11-73 An ideal-gas refrigeration cycle with air as the working fluid is considered. The rate of refrigeration, the net 
power input, and the COP are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with variable specific heats. 3 Kinetic and potential 
energy changes are negligible. 

Analysis {a) We assume both the turbine and the compressor to be isentropic, the turbine inlet temperature to be the 
temperature of the surroundings, and the compressor inlet temperature to be the temperature of the refrigerated space. From 
the air table (Table A- 17), 


T x - 280 K 

— > /ij - 280.13 kJ/kg 


P r =1.0889 

r i 

r 3 - 310 K 

— > h 3 ~ 310.24 kJ/kg 


P r =1.5546 

r 3 


Thus, 



A 


Pn = 


r l 60 ^ 


35 


(l. 0889) = 4.978 


v / 


>r 2 =431. 5K 
h 2 = 432.96 kJ/kg 



A 




Pr = 


35 
v 160 y 


(l. 5546) = 0.3401 


>r 4 = 200.6 K 
h 4 = 200.57 kJ/kg 



Then the rate of refrigeration is 

q l =m{q L )=m(h { -/i 4 ) = (0.2 kg/sX280.13-200.57)kJ/kg = 15.9 kW 
(b) The net power input is determined from 
w = W ■ - W , 

T net, in comp, in turb, out 

where 


Vk compin = >"( h 2 ~ h \ ) = (°- 2 kg/s)(432.96 - 280. 13) kJ/kg = 30.57 kW 
tkturb.out = m(/j 3 - h 4 ) = (0.2 kg/s)(3 10.24 - 200.57) kJ/kg = 21.93 kW 


Thus, 


W net in =30.57-21.93 = 8.64 kW 


(c) The COP of this ideal gas refrigeration cycle is determined from 


COP 


R 


Ql 


15.9 kW 
8.64 kW 


1.84 
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11-74 An ideal-gas refrigeration cycle with air as the working fluid is considered. The rate of refrigeration, the net 
power input, and the COP are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with variable specific heats. 3 Kinetic and potential 
energy changes are negligible. 

Analysis (a) We assume the turbine inlet temperature to be the temperature of the surroundings, and the compressor inlet 
temperature to be the temperature of the refrigerated space. From the air table (Table A- 17), 


T x =280K — 

— > h x -280.13 kJ/kg 

P r =1.0889 

r \ 

T 3 = 3 1 0 K — 

— > h 3 -310.24 kJ/kg 


P r =1.5546 

r 3 


Thus, 



P? 

— P r 
Pi 1 


P 3 

r 3 


160 


V 35 y 

r 35 ^ 
160 


(1.0889) = 4.978 - 
(l.5546)= 0.3401 


>r 2 , =431.5 K 
h 2s = 432.96 kJ/kg 

->r 4j = 200.6 K 
h 4s = 200.57 kJ/kg 



Also, 


n T = rrr 1 * lh = lh ~ nr ^ ~ lhs ) 

= 310.24 -(0.85)(310.24- 200.57) 

= 217.02 kJ/kg 

Then the rate of refrigeration is 

Ql = m(q L ) = m(h x - h 4 )={ 0.2 kg/sX280.13 - 217.02)kJ/kg = 12.6 kW 


(b) The net power input is determined from 
W t = W -W t u t 

' r net, in ' comp, in ' turb, out 

where 

^comp.in = rh(h 2 -h x )= m(h 2s -h x )l q c 

= (0.2 kg/s )[(432.96 - 280.13) kJ/kg]/(0.80) = 38.21 kW 
^mrb.out = m{h 3 ~h 4 )= (0.2 kg/s )(3 10.24 - 217.02) kJ/kg =18.64 kW 

Thus, 

W net in =38.21-18.64 = 19.6 kW 


(c) The COP of this ideal gas refrigeration cycle is determined from 


COP R 


Q l 12.6 kW . 

= — = = 0.643 

W net , m 19.6 kW 
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11-75 



Problem 11-74 is reconsidered. The effects of compressor and turbine isentropic efficiencies on the rate of 


refrigeration, the net power input, and the COP are to be investigated. 
Analysis The problem is solved using EES, and the solution is given below. 


"Input data" 

T[1] = 7 [C] 

P[1]= 35 [kPa] 

T[3] = 37 [C] 

P[3]=1 60 [kPa] 
m_dot=0.2 [kg/s] 

Eta_comp = 1 .00 

Eta_turb = 1 .0 

"Compressor anaysis" 

s[1 ]=ENTROPY(Air,T=T[1],P=P[1 ]) 

s2s=s[1] "For the ideal case the entropies are constant across the compressor" 

P[2] = P[3] 

s2s=ENTROPY(Air,T=Ts2,P=P[2])"Ts2 is the isentropic value of T[2] at compressor exit" 

Eta_comp = W_dot_compJsen/W_dot_comp "compressor adiabatic efficiency, 

W_dot_comp > W_dot_comp_isen" 

m_dot*h[1] + W_dot_comp_isen = m_dot*hs2"SSSF First Law for the isentropic compressor, 
assuming: adiabatic, ke=pe=0, m_dot is the mass flow rate in kg/s" 
h[1 ]=ENTHALPY(Air,T=T[1 ]) 
hs2=ENTHALPY(Air,T=Ts2) 

m_dot*h[1] + W_dot_comp = m_dot*h[2]"SSSF First Law for the actual compressor, 

assuming: adiabatic, ke=pe=0" 

h[2]=ENTHALPY(Air,T=T[2]) 

s[2]=ENTROPY(Air,h=h[2],P=P[2]) 

"Heat Rejection Process 2-3, assumed SSSF constant pressure process" 
m_dot*h[2] + Q_dot_out = m_dot*h[3]'SSSF First Law for the heat exchanger, 
assuming W=0, ke=pe=0" 
h[3]=ENTHALPY(Air,T=T[3]) 

"Turbine analysis" 
s[3]=ENTROPY(Air,T=T[3],P=P[3]) 

s4s=s[3] "For the ideal case the entropies are constant across the turbine" 

P[4] = P[1] 

s4s=ENTROPY(Air,T=Ts4,P=P[4])"Ts4 is the isentropic value of T[4] at turbine exit" 

Eta_turb = W_dot_turb /W_dot_turb_isen "turbine adiabatic efficiency, W_dot_turb_isen > W_dot_turb" 
m_dot*h[3] = W_dot_turb_isen + m_dot*hs4"SSSF First Law for the isentropic turbine, assuming: 
adiabatic, ke=pe=0" 
hs4=ENTHALPY(Air,T=Ts4) 

m_dot*h[3] = W_dot_turb + m_dot*h[4]"SSSF First Law for the actual compressor, assuming: 

adiabatic, ke=pe=0" 

h[4]=ENTHALPY(Air,T=T[4]) 

s[4]=ENTROPY(Air,h=h[4],P=P[4]) 

"Refrigeration effect:" 

m_dot*h[4] + Q_dot_Refrig = m_dot*h[1] 

"Cycle analysis" 

W_dotJn_net=W_dot_comp-W_dot_turb'External work supplied to compressor" 

COP= Q_dot_Refrig/W_dot_in_net 
"The following is for plotting data only:" 

Ts[1]=Ts2 

ss[1]=s2s 

Ts[2]=Ts4 

ss[2]=s4s 
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T|comp 

COP 

QRefrig 

[kWl 

Winnet 

fkW| 

0.7 

0.3291 

9.334 

28.36 

0.75 

0.3668 

9.334 

25.45 

0.8 

0.4077 

9.334 

22.9 

0.85 

0.4521 

9.334 

20.65 

0.9 

0.5006 

9.334 

18.65 

0.95 

0.5538 

9.334 

16.86 

1 

0.6123 

9.334 

15.24 




^comp 
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^comp 


20 


16 


12 


o 


8 




ilturb =1 -° 




- 


Uturb =0 - 85 

- 















- 


'Iturb 

- 






0.7 0.75 


0.8 0.85 0.9 0.95 

^comp 
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11-76 A gas refrigeration cycle with helium as the working fluid is considered. The minimum temperature in the cycle, the 
COP, and the mass flow rate of the helium are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Helium is an ideal gas with constant specific heats. 3 Kinetic and 
potential energy changes are negligible. 

Properties The properties of helium are c p = 5. 1926 kJ/kg-K 2 / 

and k = 1.667 (Table A-2). j 2 / 

Analysis (a) From the isentropic relations, q h J 

T 2s =T if— 1 =(263KX3)°- 667/1 ' 667 =408.2K 50°C— /F ' / 


^4.v - ^3 


= 408. 2K 


(k-l)/k 


0.667/ 1 .667 


50°C 

-10°C 


= (323K)[ — | =208. IK 



It = 


7c = 


h 3 -h 4 _ T 3 - T 4 
^3 “ h 4s T 3 - T 4s 


h 2s h\ _ T 2s T x 
^ 2 ~h\ T 2 - T x 


T 4 =T 3 -?j T (r 3 - T 4s ) = 323 -(0.80)(323- 208. l) 


= 231.1 K = T mm 


T 2 =T { + (t 2s - T x )/ rj c = 263 + (408.2 - 263)/(0.80) 
= 444.5 K 


(b) The COP of this gas refrigeration cycle is determined from 


COP R = 


^net,in ^comp,in ^turb,out 

h x - h 4 

(h 2 -ht)-(h 3 -h 4 ) 

T -t 4 

i T 2 ~ T l)-( T 3 ~ T a) 

263-231.1 

(444.5 -263)- (323 -231.1) 


= 0.356 


(c) The mass flow rate of helium is determined from 

Q re frig (2 refrig Q re frig 


18 kJ/s 


q L h x -h 4 cAt x -T 4 ) (5.1926kJ/kg-K)(263-231.l)K 


= 0.109 kg/s 
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11-77E An ideal gas refrigeration cycle with air as the working fluid has a compression ratio of 4. The COP of the cycle is 
to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential 
energy changes are negligible. 

Properties The properties of air at room temperature are c p = 0.240 Btu/lbm-R and k = 1.4 (Table A-2Ea). 

Analysis From the isentropic relations, 





h x - h 4 

(h 2 -h t )-(h 3 -h A ) 

7'i -T 4 

(T 2 -T,)-(T 3 -T a ) 

450-376.8 

~ (668.7 - 450) - (560 - 376.8) 

= 2.06 
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11-78E An gas refrigeration cycle with air as the working fluid has a compression ratio of 4. The COP of the cycle is to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential 
energy changes are negligible. 

Properties The properties of air at room temperature are 
c p = 0.240 Btu/lbm-R and k = 1.4 (Table A-2Ea). 

Analysis From the isentropic relations, 


and 


T 2s = T 


T 4s -^3 


r /O 


K p i J 


r ~ \ 


P 


V P 3 J 


(k-\)/k 


(k-\)/k 


= (450 R)(4)° 4/1-4 = 668.7 R 


= (560 R) 


S . \ 0.4/1.4 

6psia 
19psia 


= 402.9 R 



7r = 


7c = 


h 3 -h 4 T 3 -T 4 


^3 h 4 s ^3 r 4s 

his - h\ T 2s - T x 


-> T 4 = T 3 -rj T (T 3 - T 4s ) = 560 - (0.94)(560 - 402.9) 
= 412.3 R 


hi h x T 2 T x 


*T 2 =T x + (T 2s -T x )/tj c =450 + (668.7- 450) /(0.87) 
= 701.4 R 


The COP of this gas refrigeration cycle is determined from 
COP R = qL = — 

^ net, in ^ comp, in ^turb,out 

h x -h 4 

(h ~h i)-(/i 3 ->U) 

T -T 4 

(T 2 -T x )-{T,-T,) 

450-412.3 

~ (701 .4 - 450) - (560 - 412.3) 

= 0.364 
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11-79 An ideal gas refrigeration cycle with air as the working fluid is considered. The minimum pressure ratio for this 
system to operate properly is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential 
energy changes are negligible. 


Properties The properties of air at room temperature are 
c p = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 

Analysis An energy balance on process 4- 1 gives 


Refrig “ c p(^l ^4) 

# Refrig 


?Wi- 


= 260 K - 


36 kJ/kg 


c 


p 


1.005 kJ/kg-K 


= 224.2 K 


The minimum temperature at the turbine inlet would be the same as that to 
which the heat is rejected. That is, 

r 3 = 298 K 



Then the minimum pressure ratio is determined from the isentropic relation to be 


p 

Pa 


f T \ */(*-!) 
£3 

\ t aj 


' 298 K ^ 
v 224.2K y 


1 . 4 / 0.4 


2.71 
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11-80 A regenerative gas refrigeration cycle using air as the working fluid is considered. The effectiveness of the 
regenerator, the rate of heat removal from the refrigerated space, the COP of the cycle, and the refrigeration load and the 
COP if this system operated on the simple gas refrigeration cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal 
gas with constant specific heats. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4 (Table A-2). 

Analysis (a) From the isentropic relations, 


T 2 s = T 


f p \(M/k 


K P U 


= (273.2 K)(5) 0 ' 4/1 ' 4 = 432.4 K 


Vc = 


0.80 = 


h 2s ~ h l 

h 2 - h { 


T 2s -Ty 

T 2 —T\ 


432.4-273.2 
T 2 -273.2 


->T 2 = 472.5 K 


The temperature at state 4 can be determined by solving 
the following two equations simultaneously: 


T 5s -T4 




\ P 4 ) 


(k-l)/k 


= T 


^pO.4/1.4 


It = 


fa A he Ji A 

4 5 —> 0.85 = 4 


v-v 

T a -193.2 



fa 4 - h 5s 


T4 t 5s 


Using EES, we obtain T 4 = 281.3 K. 

An energy balance on the regenerator may be written as 

mc P ( T 3 -T 4 ) = rh c p (T 1 -T 6 ) >T 3 -T 4 =T x -T t 

or, 

T 6 =T x -T 3 +T 4 = 273.2-308.2 + 281.3 = 246.3 K 
The effectiveness of the regenerator is 


h 3 -h 4 

’ regen " 


T-t 4 

T-t 6 


308.2-281.3 


= 0.434 


308.2-246.3 

VJ 

( b ) The refrigeration load is 

Q l = me p (T 6 -T 5 ) = (0.4 kg/s)(1.005 kJ/kg.K)(246.3 -193.2)K = 21 .36 kW 

(c) The turbine and compressor powers and the COP of the cycle are 

lV C ln = mc p (T 2 -T) = (0.4 kg/s)(1.005 kJ/kg.K)(472.5 - 273.2)K = 80.13 kW 

Wt.oui = me p (T 4 -T 5 ) = (0.4 kg/s)(1.005kJ/kg.K)(281.3-193.2)kJ/kg =35.43 kW 
Ql Ql 21.36 



COP = ^ 


^„e,in W Cm -W T , 0Ut 80.13-35.43 


0.478 
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(i d) The simple gas refrigeration cycle analysis is as follows: 


t 4s = T 3 


/A(k-l)/k 


V' J 


= (308.2 k{1 


\ 0.4/1.4 


= 194.6 K 


^ 3-^4 
^3 ~ T 4 s 


>0.85 


308.2 -r 4 
308.2-194.6 


>r 4 = 21 1.6 K 


Ql =mc p (T ! -T 4 ) 

= (0.4 kg/s)( 1.005 kJ/kg.K)(273.2 - 21 1 .6)kJ/kg 

= 24.74 kW 



^net,in = ™ C p ( T 2 ~ T l ) “ (^3 “ r 4 ) 

= (0.4 kg/s)(l .005 kJ/kg.K)[(472.5 - 273.2) - (308.2 - 21 1 .6)kJ/kg] 
= 41.32 kW 


COP = 


Gl 


24.74 

41.32 


0.599 
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11-81 An ideal gas refrigeration cycle with with two stages of compression with intercooling using air as the working fluid 
is considered. The COP of this system and the mass flow rate of air are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential 
energy changes are negligible. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = l A (Table A-2a). 




Analysis From the isentropic relations, 


T 2 =T\ 


t a = T i 


T 6 = t 5 




\ P i J 


f ^ \ 


P 


(k-\)/k 


K P 3 J 


f p 


= (255 K)(4)°' 4/1 ' 4 =378.9 K 


= (283 K)(4)°' 4/1,4 = 420.5 K 


K P 5J 


= (283 K) 


r ^ ^ 0 . 4 / 1.4 
vl6y 


= 128.2 K 


The COP of this ideal gas refrigeration cycle is determined from 


COP R = 


<lL 


<U 


w 


net, in ^comp,in ^turb,out 

= >h -K 

(h 2 -h x ) + {h A -h 3 )-(h 5 - h 6 ) 

= 

(T 2 + -T 3 )-(T s -T 6 ) 

255-128.2 

~ (378.9 - 255) + (420.5 - 283) - (283-128.2) 

The mass flow rate of the air is determined from 


= 1.19 


Q Refrig = " lC p ( T l ~ T 6 ) > ™ = 


^Refrig 

CpK-Tt) 


(75,000/ 3600) kJ/s 
(1.005 kJ/kg • K)(255 - 128.2) K 


0.163 kg/s 
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11-82 A gas refrigeration cycle with with two stages of compression with intercooling using air as the working fluid is 
considered. The COP of this system and the mass flow rate of air are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential 
energy changes are negligible. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = l A (Table A-2a). 




T 2s = T\ 


T 4s = T, 


T 6s = t 5 


f p N(*"l V* 


\ P \ J 


r ^ \ 


= (255 K)(4) 


0.4/ 1.4 


= 378.9 K 


P 


(k-\)/k 


K P 3 J 


f p \(k-l)/k 


= (283 K)(4)°' 4/1 ' 4 = 420.5 K 


y p sj 


= (283 K) 


r 0.4/ 1.4 

JT 


= 128.2 K 


and 


n c = 


n c = 


Vt = 


h 2s P 2s P \ 


h 2 h\ P 2 p \ 

s _ ^3 P 4 s ~ P 3 


■> T 2 =T x +{T 2s -T x )/ri c = 255 + (378.9-255)/ 0.85 = 400.8 K 


h 4 - h 3 

~ h 6 
h 5 -K s 


t 4 -t 3 

t 5 -t 6 

T 5 -T 6s 


■> T 4 =T 3 +(T 4s -T 3 )/ji c = 283 + (420.5 -283)/ 0.85 = 444.8 K 


+ T 6 =T 5 -t] t (T s - T 6s ) = 283 - (0.95)(283 - 128.2) = 135.9 K 


The COP of this ideal gas refrigeration cycle is determined from 

<7l <7l 


cop r = 


^net,in ^comp,in ^turb,out 

h \ ~K 

(h 2 ~hi) + (h 4 -h 3 )-(h 5 -h 6 ) 

^ 

( T 2 ~Ti) + (T 4 -T 3 )-(T s -T 6 ) 

255-135.9 


= 0.742 


(400.8 -255) + (444.8 -283)- (283 -135.9) 

The mass flow rate of the air is determined from 

Q Refrig (75,000 / 3600) kJ/s 


£2 Refrig = thc p <Jl “ T 6 ) > '» = 


c p (T i -T 6 ) (1.005 kJ/kg • K)(255 - 135.9) K 


0.174 kg/s 
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11-83 A regenerative gas refrigeration cycle with argon as the working fluid is considered. Te refrigeration load, the COP, 
the minimum power input, the second-law efficiency, and the total exergy destruction in the cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Properties The properties of argon are c p = 0.5203 kJ/kg-K and k = 1.667. 

Analysis (a) From the isentropic relations, 


T 2s = 


t 5 s = t 4 


r p \M)/k 


i0. 667/ 1.667 


\ p \ j 


r r. \ 


= (243 K )( 5 ) G ' UU " 1 ' uu ' = 462.7 K 


P, 


K P 4 J 


(k-l)/k 


= (235 K/I 


x 0.667/1.667 


= 123.4 K 


Ht = 


h 4 - h 5 


t 4 - t 5 


h 4 h 5s T 4 T 5s 


+ T 5 =T 4 - >i t (t 4 - T 5s )= 235 -( 0 . 82 X 235 - 123 . 4 ) = 143.5 K 



ric = 


h 2 s p 2 s p \ 


h 2 - h\ 


t 2 -T\ 


■> T 2 = T { + ( t 2s - Tj )/77 c = 243 + (462.7 -243)/ 0.82 = 5 10.9 K 


From an energy balance on the regenerator, 

( t 3 - t 4 )= me ( r , - t 6 ) > t 3 - t 4 = i\ - r 6 


or 


me 

T 6 = T x - T 3 + r 4 = 243 - 288 + 235 = 190K 

Q l = mc p (T 6 -T 5 ) = (0.08 kg/s)(0.5203 kJ/kg • K)(190 - 143.5) K = 1 .935 kW 
W net =mc p [(T 2 -T l )-(T 4 -T 5 )] 

= (0.08 kg/s)(0.5203 kJ/kg • K)[(5 10.9 - 243) - (235 - 143.5)] K = 7.343 kW 


cop=^=!^ 

W net 7.343 


0.2636 


(b) The exergy of the heat transferred from the low-temperature medium is 


Ex Q, = -Ql 


1- 


Tr 


T 


= -(1.935 kW) 


L J 


1- 


273 

228 


= 0.382 kW 


This is the minimum power input: 


W tmn =Ex Qi = 0.382 kW 


The second-law efficiency of the cycle is 
Px q , 0.382 


Vu =—■ 


W net 7.343 


= 0.05202 = 5 . 2 % 


The total exergy destruction in the cycle can be determined from 


Ex dest, total = ^net - px Q , = 7-343 - 0.382 = 6.961 kW 
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Absorption Refrigeration Systems 


11-69 


11-84C In absorption refrigeration, water can be used as the refrigerant in air conditioning applications since the 
temperature of water never needs to fall below the freezing point. 


11-85C Absorption refrigeration is the kind of refrigeration that involves the absorption of the refrigerant during part of 
the cycle. In absorption refrigeration cycles, the refrigerant is compressed in the liquid phase instead of in the vapor form. 


11-86C The main advantage of absorption refrigeration is its being economical in the presence of an inexpensive heat 
source. Its disadvantages include being expensive, complex, and requiring an external heat source. 


11-87C The fluid in the absorber is cooled to maximize the refrigerant content of the liquid; the fluid in the generator is 
heated to maximize the refrigerant content of the vapor. 


11-88C The coefficient of performance of absorption refrigeration systems is defined as 


COP R = 


desiredoutput 

requiredinput 




+ W. 


pump, in 


Q 


L 


Q 


gen 


11-89C The rectifier separates the water from NH 3 and returns it to the generator. The regenerator transfers some heat 
from the water-rich solution leaving the generator to the NH 3 -rich solution leaving the pump. 


11-90 The COP of an absorption refrigeration system that operates at specified conditions is given. It is to be determined 
whether the given COP value is possible. 

Analysis The maximum COP that this refrigeration system can have is 


which is smaller than 3.1. Thus the claim is not possible. 


273 


292-273 


= 2.97 


COP 


R,max 


1 - 


Tr 


T 


S J 


Tl 

K T o ~ t l j 


f 292 K 
v ~ 368 K 
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11-91 The conditions at which an absorption refrigeration system operates are specified. The maximum COP this 
absorption refrigeration system can have is to be determined. 


Analysis The maximum COP that this refrigeration system can have is 


COP 


R,max 


1- 


Tr 


T 


S J 


T 


L 


K T 0 t lj 


r 298 
~~ 393 K 


j 


273 


298-273 


= 2.64 


11-92 The conditions at which an absorption refrigeration system operates are specified. The maximum rate at which this 
system can remove heat from the refrigerated space is to be determined. 

Analysis The maximum COP that this refrigeration system can have is 


COP 


R,max 


f rji 

1-Tl 

v Ty 


T 


L 


K T 0~ T LJ 


298 K 
403 K 


243 


298-243 


= 1.15 


Thus, 


e L ,max = COP R?max e gen = (I.15)(5xl0 5 kJ/h)= 5.75x10 s kj/h 
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11-93 A reversible absorption refrigerator consists of a reversible heat engine and a reversible refrigerator. The rate at 
which the steam condenses, the power input to the reversible refrigerator, and the second law efficiency of an actual chiller 
are to be determined. 


Properties The enthalpy of vaporization of water at 150°C is hf g = 21 13.8 kJ/kg (Table A-4). 
Analysis (a) The thermal efficiency of the reversible heat engine is 


7th, 


rev 


= 1-^=1- 

r 


(25 + 273.15) K 
(150 + 273. 15)K 


= 0.2954 


The COP of the reversible refrigerator is 


COP 


T 


L 


(-15 + 273.15) K 


R,rev 


T 0 -T l (25 + 273.15) -(-15 + 273.15) K 
The COP of the reversible absorption refrigerator is 
COP a bs,rev = 7 th, rev rev = (0.2954)(6.4 

The heat input to the reversible heat engine is 

Q l 70 kW 


= 6.454 


Qi n = 


COP 


abs,rev 


1.906 


- 36.72 kW 


Then, the rate at which the steam condenses becomes 
Q m 36.72 kJ/s 


m s = 


h fg 21 13.8 kJ/kg 


0.0174 kg/s 




( Rev. \ — 

-K/ Rev. A 

1.906 

he F 

"Vi Ref 1 


( b ) The power input to the refrigerator is equal to the power output from the heat engine 

+n,R =+u,,HE = = (0.2954)(36.72 kW) = 10.9 kW 

(c) The second-law efficiency of an actual absorption chiller with a COP of 0.8 is 


7n = 


COP 


actual 


0.8 


COP abs , cv 1.906 


= 0.420 = 42.0% 
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11-94E An ammonia-water absorption refrigeration cycle is considered. The rate of cooling, the COP, and the second-law 
efficiency of the system are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Properties The properties of ammonia are as given in the problem statement. The specific heat of geothermal water is given 
to be 1.0 Btu/lbm- °F. 

Analysis (a) The rate of cooling provided by the system is 

Q L =m R (h l - h 4 ) = (0.04 lbm/s)(6 19.2-1 90.9) Btu/lbm 
= 17.13 Btu/s = 61 ,700 Btu/h 

(b) The rate of heat input to the generator is 

<2gen = Vp (7geo;in - 7geo;out ) = +55 lbm/s)(l -0 Btu/lbm ■ °F)(240 - 200)°F = 22.0 Btu/s 
Then the COP becomes 


COP = 


Q 


L 


Q 


gen 


17. 13 Btu/s 
22.0 Btu/s 


= 0.779 


(c) The reversible COP of the system is 


COP 


abs,rev 


Tr 


T 


s J 


T 


L 


V T 0 ~ t l j 


(70 + 460) 
(220 + 460) 


v (25 + 460)^ 


70-25 


= 2.38 


The temperature of the heat source is taken as the average temperature of the geothermal water: (240+200)/2=220°F. Then 
the second-law efficiency becomes 


1 ii = 


COP 


COP 


abs,rev 


0 779 

-— = 0.328 = 32.8% 
2.38 
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Special Topic: Thermoelectric Power Generation and Refrigeration Systems 


11-73 


11-95C The circuit that incorporates both thermal and electrical effects is called a thermoelectric circuit. 


11-96C When two wires made from different metals joined at both ends (junctions) forming a closed circuit and one of the 
joints is heated, a current flows continuously in the circuit. This is called the Seebeck effect. When a small current is 
passed through the junction of two dissimilar wires, the junction is cooled. This is called the Peltier effect. 


11-97C No. 


11-98C No. 


11-99C Yes. 


11-100C When a thermoelectric circuit is broken, the current will cease to flow, and we can measure the voltage generated 
in the circuit by a voltmeter. The voltage generated is a function of the temperature difference, and the temperature can be 
measured by simply measuring voltages. 


11-101C The performance of thermoelectric refrigerators improves considerably when semiconductors are used instead of 
metals. 


11-102C The efficiency of a thermoelectric generator is limited by the Carnot efficiency because a thermoelectric generator 
fits into the definition of a heat engine with electrons serving as the working fluid. 


11-103E A thermoelectric generator that operates at specified conditions is considered. The maximum thermal efficiency 
this thermoelectric generator can have is to be determined. 

Analysis The maximum thermal efficiency of this thermoelectric generator is the Carnot efficiency, 


Jl 

7 th,max — 1 th, Carnot — ^ — ^ 

1 H 


550R 

800R 


31.3% 
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11-104 A thermoelectric refrigerator that operates at specified conditions is considered. The maximum COP this 
thermoelectric refrigerator can have and the minimum required power input are to be determined. 


Analysis The maximum COP of this thermoelectric refrigerator is the COP of a Carnot refrigerator operating between the 
same temperature limits, 


C0P max C0P R, Carnot !T, )- \ (293 K)/(268 K)-l 


= 10.72 


Thus, 


W, 


Q 


L 


130 W 


in, min 


COP max 10.72 


= 12.1 W 


11-105 A thermoelectric cooler that operates at specified conditions with a given COP is considered. The required power 
input to the thermoelectric cooler is to be determined. 

Analysis The required power input is determined from the definition of COP R , 


COP R = 


Ql 

W in 



Ql 

COP R 


180 W 
0.15 


= 1200 W 


11-106E A thermoelectric cooler that operates at specified conditions with a given COP is considered. The rate of heat 
removal is to be determined. 


Analysis The required power input is determined from the definition of COP R , 


COP R = 


( 


L 


W: 


>GL=COP R W in =(0.18)(1.8hp) 


in 


42.41 Btu/min 
lhp 


= 13.7 Btu/min 
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11-107 A thermoelectric refrigerator powered by a car battery cools 9 canned drinks in 12 h. The average COP of this 
refrigerator is to be determined. 

Assumptions Heat transfer through the walls of the refrigerator is negligible. 

Properties The properties of canned drinks are the same as those of water at room temperature, p= 1 kg/L and c p = 4.18 
kJ/kg-°C (Table A-3). 

Analysis The cooling rate of the refrigerator is simply the rate of decrease of the energy of the canned drinks, 

m = p V = 9 x (1 kg/L)(0.350 L) = 3. 15 kg 
Gcooimg = me AT = (3.15 kg)(4. 1 8 kJ/kg - °C)(25 - 3)°C = 290 kJ 

C cooling 290 kJ 


Q 


cooling 


At 


12x3600s 


= 0.00671 kW = 6.71 W 


The electric power consumed by the refrigerator is 
W m = V/ = (12 V)(3 A) = 36 W 
Then the COP of the refrigerator becomes 

COp = Gcooiin^ = 6.71 W = Q 186 ^ 0 20 
W in 36 W 


11-108E A thermoelectric cooler is said to cool a 12-oz drink or to heat a cup of coffee in about 15 min. The average rate 
of heat removal from the drink, the average rate of heat supply to the coffee, and the electric power drawn from the battery 
of the car are to be determined. 

Assumptions Heat transfer through the walls of the refrigerator is negligible. 

Properties The properties of canned drinks are the same as those of water at room temperature, c p = 1.0 Btu/lbm.°F (Table 
A-3E). 

Analysis (a) The average cooling rate of the refrigerator is simply the rate of decrease of the energy content of the canned 
drinks, 


Qcooiing = me p AT = (0.771 lbm)(1.0 Btu/lbm- °F)(78- 3 8)°F = 30.84 Btu 


Ccooling 


Ccooling 30.84 Btu 


At 


15 x 60s 


1055 J 
1 Btu 


= 36.2 W 


( b ) The average heating rate of the refrigerator is simply the rate of increase of the energy content of the canned drinks, 
Cheating = me p AT = (0.77 1 lbm)(l .0 Btu/lbm- °F)( 130- 75)°F = 42.4 Btu 


Q 


Cheating 42.4 Btu 


heating 


At 


15 x 60s 


1055 J 
1 Btu 


= 49.7 W 


(c) The electric power drawn from the car battery during cooling and heating is 


^in, cooling 

rop 

heating 
^in, heating 


_ Scooling _ 36.2 W _ yy 
'COP cooling ' 0.2 

= COP cooling +1 = 0. 2 + 1 = 1. 2 

= ^ heatin « = 49 - 7 W = 41 4 w 

COP heating 1.2 
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11-109 The maximum power a thermoelectric generator can produce is to be determined. 
Analysis The maximum thermal efficiency this thermoelectric generator can have is 


11-76 
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Review Problems 


11-110 A steady-flow Carnot refrigeration cycle with refrigerant- 134a as the working fluid is considered. The COP, the 
condenser and evaporator pressures, and the net work input are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) The COP of this refrigeration cycle is determined from 

1 1 


COP R , c = 


= 5.06 


(T h IT l )-\ (303K)/(253K)-1 

( b ) The condenser and evaporative pressures are (Table A-l 1) 

= 132.82 kPa 
770.64 kPa 


^evap ^sat@-20°C 
-^cond — ^sat@30°C 


(c) The net work input is determined from 

K={h f + x x h fg ) = 25.49 + (0.15X212.91) = 57.43 kJ/kg 

h 2 = {h f +x 2 h fg J @ _ 20 o C = 25.49 + (0.80)(212.9l)= 195.82 kJ/kg 

q L =h 2 -h 1 =195.82 -57.43 =138.4kJ/kg 
q L 138.4 kJ/kg 


w 


net, in 


COP 


R 


5.06 


27.35 kJ/kg 



11-111 A room is cooled adequately by a 5000 Btu/h window air-conditioning unit. The rate of heat gain of the room when 
the air-conditioner is running continuously is to be determined. 

Assumptions 1 The heat gain includes heat transfer through the walls and the roof, infiltration heat gain, solar heat gain, 
internal heat gain, etc. 2 Steady operating conditions exist. 

Analysis The rate of heat gain of the room in steady operation is simply equal to the cooling rate of the air-conditioning 
system, 

Gheatgain = Gcooling = 5 > 000 Btu ' ll 


11-112 A heat pump water heater has a COP of 3.4 and consumes 6 kW when running. It is to be determined if this heat 
pump can be used to meet the cooling needs of a room by absorbing heat from it. 

Assumptions The COP of the heat pump remains constant whether heat is absorbed from the outdoor air or room air. 
Analysis The COP of the heat pump is given to be 3.4. Then the COP of the air-conditioning system becomes 
COP air _ cond = COP heatpump - 1 = 3.4 - 1 = 2.4 

Then the rate of cooling (heat absorption from the air) becomes 

Gcooling = COP air . cond W /n = (3.4)(6 kW) = 20.4 kW = 5 1 ,840 kJ/h 

since 1 kW = 3600 kJ/h. We conclude that this heat pump can meet the cooling needs of the room since its cooling rate is 
greater than the rate of heat gain of the room. 
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11-113 A heat pump that operates on the ideal vapor-compression cycle with refrigerant- 134a as the working fluid is used 
to heat a house. The rate of heat supply to the house, the volume flow rate of the refrigerant at the compressor inlet, and the 
COP of this heat pump are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters 
the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant tables (Tables A- 12 and A- 13), 


P x = 200 kPa 
sat. vapor 


\ - h g @200kPa - 244.46 kJ/kg 
~ ^ g @200kPa = 0.93773 kJ/kg K 
v i =^@200kPa = 0.099867 m 3 /kg 


P 2 = 0.9 MPa 

^2 “ ^1 



275.75 kJ/kg 


P 3 = 0.9 MPa 
sat. liquid 


|^3 ~hf @0.9 MPa 


101.61 kJ/kg 


h 4 = h 3 =101.61 kJ/kg (throttling) 


The rate of heat supply to the house is determined from 



q h = m(h 2 -h 3 )=( 0.32 kg/s)(275.75 - 101.6l) kJ/kg = 55.73 kW 


(b) The volume flow rate of the refrigerant at the compressor inlet is 

l \ = mt/j = (0.32 kg/s)(o.099867m 3 /kg)= 0.0320 m 3 /s 

(c) The COP of t his heat pump is determined from 


COP R = — 


h 2 -/; 3 _ 275,75-101,61 _ 55? 
h 2 -h x ~ 275.75-244.46 ~ 
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11-114 A ground-coupled heat pump that operates on the vapor-compression refrigeration cycle with refrigerant- 1 34a as 
the working fluid is considered. The hardware and the T-s diagram for this air conditioner are to be sketched. The exit 
temperature of the water in the condenser and the COP are to be determined. 

Analysis (a) In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters 
the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. 


T, 


w2 


Water, 10°C 
0.32 kg/s 




(b) The properties as given in the problem statement are 
h 4 = h 3 = hf@ 1400 kPa = 127.2 kJ/kg 
h\ = h g @ 2o°c =261.6 kJ/kg. 

The rate of heat transfer in the condenser is determined from 


Qh~Ql = 


Q 


L 


COP R 


= W; 


in 


Qh=Ql 


1 + 


COP 


= (18 kW) 


R J 


1 + I 

6 


= 21 kW 


An energy balance on the condenser gives 

Qh =m(h 2 -h 3 ) = m w c pw (T 2w -T Uv ) 


T 2w ~ T \w + 


Q 


H 


= 10°C + 


21 kW 


m w C pw 


(0.32 kg/s)(4.18 kJ/kg°C) 

(c) The COP of the heat pump is 

Qh 21 kW 


= 25.7°C 


cop hp = — 


= 7 


Q h -Q l 21 kW -18kW 
It may also be determined from 


COP HP = COP R + 1 = 6 + 1 = 7 
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11-115 An ideal vapor-compression refrigeration cycle with refrigerant-22 as the working fluid is considered. The 
evaporator is located inside the air handler of building. The hardware and the T-s diagram for this heat pump application are 
to be sketched. The COP of the unit and the ratio of volume flow rate of air entering the air handler to mass flow rate of R- 
22 through the air handler are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters 
the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant-22 data from the problem statement, 



27°C 


T x = -5°C 1 h x 
sat. vapor J s x 

P 2 = 1728kPa] 

« 2=*1 J 

P 3 = 1728 kPa ] 
sat. liquid j 


- hg @ - 5 °c - 248.1 kJ/kg 
= s g @ _ 5 o C = 0.9344 kJ/kg • K 

h 2 =283.7 kJ/kg 

^3 ~^f@ 1728kPa =101 kJ/kg 


h 4 = h 3 =101 kJ/kg (throttling) 

(b) The COP of the refrigerator is determined from its definition, 


COP R = 


<lL 


W 


in 


h x -h 4 
h 2 — h x 


248.1-101 

283.7-248.1 


= 4.13 


(c) An energy balance on the evaporator gives 


Q l = m R (h x -h 4 ) = m a c AT = —c AT 

^ a 

Rearranging, we obtain the ratio of volume flow rate of air entering the air handler to mass flow rate of R-22 through the air 
handler 


0 a _ h x -h 4 (248.1-101) kJ/kg 

m R (l/v)c p AT (1 / 0.8323 m 3 /kg)(1.005 kJ/kg • K))(20 K) 

= 6.091(m 3 air/s)/(kg R22/s) 

= 365 (m 3 air/m in)/(kg R22/s) 

Note that the specific volume of air is obtained from ideal gas equation taking the pressure of air to be 100 kPa (given) and 
using the average temperature of air (17°C = 290 K) to be 0.8323 m 3 /kg. 
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11-116 An air conditioner operates on the vapor-compression refrigeration cycle. The rate of cooling provided to the space, 
the COP, the isentropic efficiency and the exergetic efficiency of the compressor, the exergy destruction in each component 
of the cycle, the total exergy destruction, the minimum power input, and the second-law efficiency of the cycle are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) The properties of R- 134a are (Tables A-l 1 through A- 13) 


^sat@180kPa “ 12.7°C 


P { = 180kPa 


T x = -12.7 + 2.7 = 10°C 


h { = 245.14 kJ/kg 
's x = 0.9483 kJ/kg K 


Po = 1200 kPa 


Si = s. 


P 2 = 1200 kPa 
T 2 = 60°C 


>h 2s = 285.32 kJ/kg 

h 2 = 289.64 kJ/kg 
's 2 = 0.9614 kJ/kg- K 


Z 


sat@1200 


kPa “ 46.3°C 


P 3 = 1200 kPa 
T 3 = 46.3- 6.3 = 40°C 
h 4 =h 3 = 108.26 kJ/kg 
P 4 = 180 kPa 
h 4 = 108.26 kJ/kg 


h 3 =. h fly) 4o°c — 108.26 kJ/kg 


S T ~Z s 


7@40 

M 40 


o C =0.3948 kJ/kg- K 



|j 4 =0.4228 kJ/kg -K 
The cooling load and the COP are 


Q l =m(h l -h 4 ) = (0.06 kg/s)(245. 14- 108.26)kJ/kg = 8.213 kW 
^ 34 1 2 Btu/h ' 


= (8.213 kW) 


lkW 


28,020 Btu/h 


q h = rh(h 2 ~h 3 ) = (0.06 kg/s)(289.64 - 108.26)kJ/kg = 10.88 kW 
W m = m(h 2 - h x ) = (0.06 kg/s)(289.64 - 245. 14)kJ/kg = 2.670 kW 

Co P = ^= 8.213kW = 3Q76 

W in 2.670 kW 

(b) The isentropic efficiency of the compressor is 
h 2s -h x 285.32-245.14 


Vc = 


= 0.9029 = 90.3% 


h 2 -l h 289.64-245.14 
The reversible power and the exergy efficiency for the compressor are 
W rev = m[(h 2 -h x )- T 0 (s 2 - )] 

= (0.06 kg/s)[(289.64 - 245. 14)kJ/kg - (3 10 K)(0.9614 - 0.9483)kJ/kg • K] 
= 2.428 kW 


Pex^C ~ 




rev 


2.428 kW 


= 0.9091 = 90.9% 


W in 2.670 kW 

(c) The exergy destruction in each component of the cycle is determined as follows 
Compressor: 

gen, 1-2 = m(s 2 -S X ) = (0.06 kg/s)(0.9614 - 0.9483) kJ/kg • K = 0.0007827 kW/K 
Ex de St> i- 2 =T 0 S gen l . 2 = (310 K)(0. 0007827 kW/K) =0.2426 kW 
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Condenser: 
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S 2 _ 3 = m ( s 3 ~ s 2 ) + — = (0.06 kg/s)(0.3948 - 0.9614) kJ/kg • K + 10 ' 88 kW = 0.00 1 1 14 kW/K 

T H 3 1 0 K 

&dest,2-3 = T 0 S ecn ,2-3 = (310 K)(0.001 1 1 4 kJ/kg • K) = 0.3452 kW 
Expansion valve: 

^ gen, 3-4 = ™<>4 - s 3 ) = (0.06 kg/s)(0.4228 - 00.3948) kJ/kg • K = 0.001678 kW/K 
Eldest, 3-4 = r o^gen,3-4 = (310 K)(0.001678 kJ/kg • K) = 0.5203 kJ/kg 


Evaporator: 

S 4 _! = »'+i -s 4 )- — = (0.06 kg/s)(0.9483 - 0.4228) kJ/kg • K - 8,213 kW = 0.003597 kW/K 

T L 294 K 

Eldest, 4-1 =E 0 5gen, 4 .i = (310 K)(0.003597 kJ/kg • K) = 1.115 kW 
The total exergy destruction can be determined by adding exergy destructions in each component: 

^ x dest, total = ^dest,l-2 + ^ x dest,2-3 + ^ x dest,3-4 + ^ x dest,4-l 

= 0.2426 + 0.3452 + 0.5203 + 1.115 

= 2.223 kW 


(d) The exergy of the heat transferred from the low-temperature medium is 


Ex Q, = -Ql 


1 - 


Tr 


T 


= -(8.213 kW) 


L J 


1- 


310 

294 


= 0.4470 kW 


This is the minimum power input to the cycle: 


Win, min = &Q, = 0-4470 kW 


The second-law efficiency of the cycle is 


*7ii = 


W: 


in, min 


W: 


in 


0.4470 

2.670 


= 0.1674 = 16.7% 


The total exergy destruction in the cycle can also be determined from 
£*dest, total = + in - Ex Qi = 2.670 - 0.4470 = 2.223 kW 
The result is the same as expected. 
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11-117 An ideal vapor-compression refrigeration cycle with refrigerant- 134a as the working fluid is considered. Cooling 
water flows through the water jacket surrounding the condenser. To produce ice, potable water is supplied to the chiller 
section of the refrigeration cycle. The hardware and the T-s diagram for this refrigerant-ice making system are to be 
sketched. The mass flow rates of the refrigerant and the potable water are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters 
the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant- 134a tables, 


Water 
200 kg/s 




T x = 140 kPa | \ = h g @ 140kPa = 239.16 kJ/kg 
sat. vapor 


P 2 = 1200 kPa 

S o — S i 


P 3 = 1200 kPa 


s i ~ ^ g @ 140 kPa - 0.94456 kJ/kg -K 
h 2 = 284.07 kJ/kg 


^3 @ 1200 kPa - 1 17.77 kJ/kg 


sat. liquid 
h 4 = h 3 = 1 17.77 kJ/kg (throttling) 

( b ) An energy balance on the condenser gives 
Q h = m R (h 2 -h 3 ) = m w c p AT 

Solving for the mass flow rate of the refrigerant 

m w c p AT (200 kg/s)(4. 18 kJ/kg • K))(10K) 


m R = 


h 2 -h 3 


(284.07 -117.77)kJ/kg 
(c) An energy balance on the evaporator gives 
Ql = " l R (h\ -h 4 ) = m w h if 

Solving for the mass flow rate of the potable water 

m R (h x - h 4 ) (50.3 kg/s)(239.16 -1 17.77)kJ/kg 


50.3 kg/s 


m W = 


k; 


if 


333 kJ/kg 


18.3 kg/s 
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11-118 A refrigerator operating on a vapor-compression refrigeration cycle with refrigerant- 134a as the working fluid is 
considered. The process with the greatest exergy loss is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis In this cycle, the refrigerant leaves the condenser as saturated liquid at the condenser pressure. The compression 
process is not isentropic. From the refrigerant tables (Tables A-l 1, A- 12, and A- 13), 


Pi 

Ti 

P 2 

«2 


= ^sat@-37°c =60kPa 1 h x = 233.09 kJ/kg 
= -37 + 7 = -30°C J =0.9867 kJ/kg K 


= 1.2 MPa 1 

= s i J 


h 2s =298.11 kJ/kg 


P 2 =1.2 MPa | h 2 — ^/@i. 2 MPa -117.77 kJ/kg 
sat. liquid J S 3 = Sy @i 2 MPa = 0.42441 kJ/kg • K 


h 4 = h 3 = 1 17.77 kJ/kg (throttling) 


T 4 =- 37°C 1 x 4 =0.5089 

h 4 = 1 17.77 kJ/kg J s 4 = 0.4988 kJ/kg • K 


The actual enthalpy at the compressor exit is determined by using the 
compressor efficiency: 



7c = 


h 2s ~ h l 


h 2 — h\ 


->h 2 = h\ + 


h 2 s ~ h \ 

7c 


= 233.09 + 


298.11-233.09 


0.90 


305.33 kJ/kg 


and 


P 2 =1.2 MPa I 
h 2 =305.33 Btu/lbmj 


1.0075 kJ/kg K 


The heat added in the evaporator and that rejected in the condenser are 

q L =h x -h 4 =(233.09 -117.77) kJ/kg = 115.32 kJ/kg 
q H =h 2 -h 3 =(305.33 -117.77) kJ/kg = 187.56 kJ/kg 

The exergy destruction during a process of a stream from an inlet state to exit state is given by 

/ \ 


x 


dest 


“^(Agen ”^C 


^ -s t 


7 in 

T 

source 


7 out 


^sink ) 


Application of this equation for each process of the cycle gives 


•^destroyed, 12 = (*2 “ *i ) = (303 K)(l .0075 - 0.9867) kJ/kg • K = 6.37 kJ/kg 


-^destroyed, 23 -^0 


Si ~ So + 


7 H 


T 


= (303 K) 


h J 


0.42441-1.0075 + 


187.56 kJ/kg 
303 K 


= 10.88 kJ/kg 


-^destroyed, 34 = K - s 3 ) = (303 K)(0.4988 - 0.42441) kJ/kg • K = 22.54 kJ/kg 


•^destroyed, 41 ^0 


s \ ^4 


7 L 


T 


= (303 K) 


L J 


0.9867-0.4988 


11 5.3 kJ/kg 
(-34 + 273) K 


= 1.66 kJ/kg 


The greatest exergy destruction occurs in the expansion valve. Note that heat is absorbed from fruits at -34°C (239 K) and 
rejected to the ambient air at 30°C (303 K), which is also taken as the dead state temperature. Alternatively, one may use 
the standard 25°C (298 K) as the dead state temperature, and perform the calculations accordingly. 
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11-119 A refrigerator operating on a vapor-compression refrigeration cycle with refrigerant- 134a as the working fluid is 
considered. The process with the greatest exergy loss is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis From the refrigerant tables (Tables A-l 1, A- 12, and A- 13), 


^1 ~^sat@-37°C -60kPa 

T x = -37 + 7 = -30°C 


h x = 233.09 kJ/kg 
■sj = 0.9867 kJ/kg -K 


P 2 -1.2 MPa 

So = 


h 2s -298. 11 kJ/kg 


P 3 -1.2 MPa 

^3 — -^sat @ 1 .2 MPa — ^.3 

- 46.3-6.3 -40°C 


h 3 =z h j ( a 4qo(^ — 108.26 kJ/kg 
^ 3 = s j- (a 40 o C = 0.39486 kJ/kg • K 


h 4 =h 3 -108.26 kJ/kg (throttling) 

r 4 - -37°C 1 x 4 - 0.4665 

h 4 = 108.26 kJ/kg J s 4 - 0.4585 kJ/kg -K 


The actual enthalpy at the compressor exit is determined by using the 
compressor efficiency: 



7c 


h 2s ~ h \ 


h 2 ~ h x 


-> h 2 — h x + 


^2, ~ h \ 

7c 


-233.09 


298.11-233.09 

090 


-305.33 kJ/kg 


and 


P 2 = 1.2 MPa j 
/j 2 =305.33 Btu/lbmj 


1.0075 kJ/kg K 


The heat added in the evaporator and that rejected in the condenser are 

q L =h x -h 4 -(233.09 -108.26) kJ/kg- 124.83 kJ/kg 
q H =h 2 -h 3 -(305.33 -108.26) kJ/kg- 197.07 kJ/kg 


The exergy destruction during a process of a stream from an inlet state to exit state is given by 


-^dest ^O^gen ^0 


s e -Si 


7 in _j_ 7 out 

T T 

1 source 1 sink J 


Application of this equation for each process of the cycle gives 

destroyed, 12 = Cl (®2 - «1 ) = (303 K)(1.0075 - 0.9867) kJ/kg • K = 6.37 kJ/kg 


-^destroyed, 23 ^0 


So -S', + 


7 H 


T 


- (303 K) 


h J 


0.39486-1.0075 + 


197.07 kJ/kg 


303 K 


-11.44 kJ/kg 


^destroyed, 34 = (*4 - s 3 ) = (303 K)(0.4585 - 0.39486) kJ/kg K - 1 9.28 kJ/kg 


-^destroyed, 41 ^0 


s \ ^4 


7 L 


T 


-(303 K) 


l J 


0.9867-0.4585 


124.83 kJ/kg 
(-34 + 273) K 


= 1.80 kJ/kg 


The greatest exergy destruction occurs in the expansion valve. Note that heat is absorbed from fruits at -34°C (239 K) and 
rejected to the ambient air at 30°C (303 K), which is also taken as the dead state temperature. Alternatively, one may use 
the standard 25°C (298 K) as the dead state temperature, and perform the calculations accordingly. 
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11-120 A two-stage compression refrigeration system using refrigerant- 134a as the working fluid is considered. The 
fraction of the refrigerant that evaporates as it is throttled to the flash chamber, the amount of heat removed from the 
refrigerated space, the compressor work, and the COP are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 The flashing 
chamber is adiabatic. 


Analysis (a) The enthalpies of the refrigerant at several states are determined from the refrigerant tables to be (Tables A-l 1, 
A- 12, and A- 13) 


h x = 242.86 kJ/kg, h 2 = 267.72 kJ/kg 
h 3 =262 AO kJ/kg, 

h 5 = 127.22 kJ/kg, h 6 = 127.22 kJ/kg 
h 7 = 81.51 kJ/kg, h s = 81.51 kJ/kg 

The fraction of the refrigerant that evaporates as it is 
throttled to the flash chamber is simply the quality at state 
6 , 

127.22-81.51 =0J527 
h fg 180.90 

( b ) The enthalpy at state 9 is determined from an energy 
balance on the mixing chamber: 

77 _ Z7 _ a 77 ^ (steady) ^ . 77 _ r? 

-^in ^ out “ system — u ^in — ^out 

^J h e h e 

(l ) h 9 = x 6 h 3 + l 1 - *6 ) h 2 

h g = (0.2527)(262.40)+ (l - 0.2527X267.72) 



266.38 kJ/kg 


P 9 

hg 


= 0.6 MPa 
= 266.38 kJ/kg 


>s t 


= 0.93516 kJ/kg -K 


Also, 


P 4 =1.4 MPa 

=^ 9 =0.93516 kJ/kg -K 


\h 4 =284.23 kJ/kg 


Then the amount of heat removed from the refrigerated space and the compressor work input per unit mass of refrigerant 
flowing through the condenser are 

q L= (]-x ( Jh i - /z 8 )= (l - 0.2527X242. 86-81. 5 1) kJ/kg = 120.6 kJ/kg 

w in = w compUn + W c0mpll in = (l - x 6 \h 2 -h 1 )+ (l\h 4 - h 9 ) 

= (l - 0.2527)(267.72 - 242.86) kJ/kg + (284.23 - 266.38)kJ/kg = 36.43 kJ/kg 

(c) The coefficient of performance is determined from 

COP. 1206 3.31 

w in 36.43 kJ/kg 
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11-121E A two-evaporator compression refrigeration cycle with refrigerant- 134a as the working fluid is considered. The 
cooling load of both evaporators per unit of flow through the compressor and the COP of the system are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 
Kinetic and potential energy changes are negligible. 


Analysis From the refrigerant tables (Tables A-l IE, A- 
12E, and A-13E), 


h 3 = /! /@i60 P sia = 48.519 Btu/lbm 


P 3 = 160psia | 
sat. liquid j 

h 4 = h 6 = h 3 = 48.519 Btu/lbm (throttling) 

T 5 = 30°F 


sat. vapor 

r 7 = -29.5°F 
sat. vapor 


h 5 = h g @ 30 o F = 107.40 Btu/lbm 


hj = h g @ _29.5 °f ~ 98.68 Btu/lbm 


For a unit mass flowing through the compressor, the 
fraction of mass flowing through Evaporator II is denoted 
by x and that through Evaporator I is y (y = 1-x). From the 
cooling loads specification, 

^L,ev apl ap2 

x(h 5 -h 4 ) = 2y(h 1 -h 6 ) 
where x = l-y 

Combining these results and solving for y gives 



y = 


h$ - h 4 


107.40-48.519 


= 0.3698 


2 (h 7 -h 6 ) + (h 5 -h 4 ) 2(98.68 - 48.519) + (107.40 - 48.519) 

Then, x = \-y = 1-0.3698 = 0.6302 

Applying an energy balance to the point in the system where the two evaporator streams are recombined gives 

xh 5 + yh 7 (0.6302)(107.40) + (0.3698)(98.68) 


xh 5 + yh-j = h x 


h] — 


Then, 


^1 “^sat (5)-29.5°F =10psia 


h x = 104.18 Btu/lbm 

h 2 = 13 1.14 Btu/lbm 


1 


s x = 0.2418 Btu/lbm- R 


1 


= 104.18 Btu/lbm 


P 2 = 160psia j 
^2 = ^1 


» 


The cooling load of both evaporators per unit mass through the compressor is 

<lL = X ( h 5 ~ h 4) + y( h i ~ l h) 

= (0.6302)(107.40 - 48.519) Btu/lbm + (0.3698)(98.68 - 48.519) Btu/lbm 

= 55.7 Btu/lbm 

The work input to the compressor is 

w in =h 2 -h x —(131.14 — 1 04. 1 8) Btu/lbm = 27.0 Btu/lbm 

The COP of this refrigeration system is determined from its definition, 


COP R = 


q L 55.7 Btu/lbm 


27.0 Btu/lbm 


= 2.06 


w 


in 
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11-122E A two-evaporator compression refrigeration cycle with refrigerant- 134a as the working fluid is considered. The 
process with the greatest exergy destruction is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From Prob. 1 1-12 IE and the refrigerant tables (Tables A-l IE, A-12E, and A-13E), 


S\ = s 2 = 0.24 1 8 Btu/lbm • R 
s 3 = 0.09774 Btu/lbm • R 
s 4 = 0.1024 Btu/lbm • R 
s 5 = 0.2226 Btu/lbm • R 
s 6 = 0.1 129 Btu/lbm R 
s 7 = 0.2295 Btu/lbm • R 
x = 0.6302 
y = l-x = 0.3698 
q L45 =h 5 - h 4 = 58.88 Btu/lbm 
q l hi = h 7 - h 6 = 50. 17 Btu/lbm 
q H = 82.61 Btu/lbm 


The exergy destruction during a process of a stream 
from an inlet state to exit state is given by 


-^dest -^O^gen 


s e - Sj 


Vi 


in 


T 


source 


ffout 

T 

sink y 



Application of this equation for each process of the cycle gives the exergy destructions per unit mass flowing through the 
compressor: 


-^destroyed, 23 ^0 


^3 “*2 + 


4h 


T 


= (540 R) 


H J 


0.09774-0.2418 + 


82.61 Btu/lbm 
540 R 


= 4.82 Btu/lbm 


•^destroyed, 346 ^oC^4 + 3^6 ^ 3 ) 

= (540 R)(0.6302 x 0. 1024 + 0.3698 x 0. 1 129 - 0.09774) Btu/lbm • R = 4.60 Btu/lbm 


•^destroyed, 45 


S 5 S 4 


#L, 45 


T 


= (0.6302)(540 R) 


L J 


0.2226-0.1024- 


58.88 Btu/lbm 
500 R 


= 0.84 Btu/lbm 


-^destroyed, 67 3-^0 


-^ 6 “ 


#L,67 


T 


= (0.3698)(540 R) 


L J 


0.2295-0.1129- 


50.17 Btu/lbm 
445 R 


= 0.77 Btu/lbm 


X 


destroyed, mixing ^o(^l ^5 3^7 ) 

= (540 R)[0.2418 - (0.6302)(0.2226) - (0.3698)(0.2295)] = 9.00 Btu/lbm 


For isentropic processes, the exergy destruction is zero: 


X destroyed, 1 2 0 


The greatest exergy destruction occurs during the mixing process. Note that heat is absorbed in evaporator 2 from a 
reservoir at -15°F (445 R), in evaporator 1 from a reservoir at 40°F (500 R), and rejected to a reservoir at 80°F (540 R), 
which is also taken as the dead state temperature. 
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11-123 A two-stage compression refrigeration system with a separation unit is considered. The rate of cooling and the 
power requirement are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 




Analysis From the refrigerant tables (Tables A-l 1, A- 12, and A- 13), 


T x = 8.9°C 
sat. vapor 


h x — hg g 9°c — 255.55 kJ/kg 


s, = s 


g @ 8 


9 o C = 0.92691 kJ/kg -K 


P 2 = 1400 kPa 


h 2 =281.49 kJ/kg 


^2 “ 5 1 

P 3 = 1400 kPa 
sat. liquid 

h 4 = h 3 = 127.22 kJ/kg (throttling) 


^3 ~hf@ Hoo kPa -127.22 kJ/kg 


r 5 = 8.9°C 


h 5 =h f 


{ 9 o C =63.94 kJ/kg 


sat. liquid 
h 6 = h 5 = 63.94 kJ/kg (throttling) 

T-j = — 32°C I h 7 3 2°c —230.91 kJ/kg 

I vpmr I = A 

£ 


sat. vapor 


/z 7 = 

s 7 ~ ^ p (a) - 32 °c = 0.958 13 kJ/kg -K 


A =P, 


sat (a) 8 


9 o C = 400 kPa 


So = S- 


h% =264.51 kJ/kg 


An energy balance on the separator gives 

m 6 (/i 8 —h 5 ) = m 2 (h\ ~ ^4 ) > m 6 - 


/q-/z 4 , , 255.55-127.22 1 , 

= (2 kg/s) = 1.280 kg/s 


ho —h* 


264.51-63.94 


The rate of cooling produced by this system is then 

q l = m 6 (h 7 - h 6 ) = (1 .280 kg/s)(230.9 1 - 63.94) kJ/kg = 21 3.7 kJ/s 
The total power input to the compressors is 

^in = " l 6 ( /! 8 - h l ) + >h 2 ( h 2 ~ h \ ) 

= (1 .280 kg/s)(264.5 1 - 230.91) kJ/kg + (2 kg/s)(28 1.49 - 255.55) kJ/kg = 94.89 kW 
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11-124 A two-stage vapor-compression refrigeration system with refrigerant- 1 34a as the working fluid is considered. The 
process with the greatest exergy destruction is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From Prob. 11-109 and the refrigerant tables (Tables A-l 1, A-12, and A-13), 

s, = s 2 = 0.92691 kJ/kg-K 
s 3 = 0.453 15 kJ/kg-K 
.s 4 = 0.4720 kJ/kg-K 
s 5 =0.24761 kJ/kg-K 
s 6 =0.2658 kJ/kg-K 
s 7 = S8 =0.95813 kJ/kg-K 

'"upper = 2 ^ 

'"lower = 1-280 kg/s 

q, =h 1 -h 6 = 166.97 kJ/kg 
q H = h 2 - h 3 =154.27 kJ/kg 
T l = -18 + 273 = 255 K 
T h =T 0 = 25 + 273 = 298K 



The exergy destruction during a process of a stream from an inlet state to exit 
state is given by 


x dest ~T() S 


gen 


= Tr 


s e~ s i 


\ 

in ffout 

T T 

x source J sink / 


Application of this equation for each process of the cycle gives 


X destroyed, 23 ^ upper -^0 


Si ~ S', + 


Vh 


T 


H J 


= (2 kg/s)(298 K) 


0.45315-0.92691 


154.27 kJ/kg 
298 K 


= 26.1 8 kW 


X destroyed, 34 = ^ upper ^0 (*4 " *3 ) = (2 kg/s)(298 K)(0.4720 - 0.453 1 5) kJ/kg - K = 1 1.23 kW 
X destroyed, 56 = ^ lower ^0 (*6 - *5 ) = (1-280 kg/s)(298 K)(0.2658 - 0.24761) kJ/kg • K = 6.94 kW 


X destroyed, 67 ^ lower ^0 


*7 -^6 


<7l 


T 


= (1.280 kg/s)(298 K) 


L J 


0.95813-0.2658 


166.97 kJ/kg 
255 K 


= 14.32 kW 


X destroyed, separator -^0 \p^ lower ( 5 $ g ) + ^ upper (N ^ 4 ) ] 

= (298 K)[(l .280 kg/s)(0.2476 1 - 0.95813) + (2 kg/s)(0.9269 1 - 0.4720)] = 0. 1 1 kW 


For isentropic processes, the exergy destruction is zero: 

X destroyed, 1 2 — ^ 

^destroyed, 78 — ^ 


Note that heat is absorbed from a reservoir at 0°F (460 R) and rejected to the standard ambient air at 77°F (537 R), which is 
also taken as the dead state temperature. The greatest exergy destruction occurs during the condensation process. 
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11-125 A regenerative gas refrigeration cycle with helium as the working fluid is considered. The temperature of the helium 
at the turbine inlet, the COP of the cycle, and the net power input required are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Helium is an ideal gas with constant specific heats at room temperature. 
3 Kinetic and potential energy changes are negligible. 


Properties The properties of helium are c p = 5.1926 kJ/kg-K 
and k = 1.667 (Table A-2). 

Analysis (a) The temperature of the helium at the turbine inlet is 
determined from an energy balance on the regenerator, 


f. -f -A F <^0 (steady) q 
^ in ^ out system u 

~ E out 


= > m(h 3 -h 4 ) = m(h l -h 6 ) 


or, 

fhc ,,( r 3 -T 4 )=mCp{T l -T 6 ) > r 3 -T 4 =T l -T 6 



Thus, 

T 4 =r 3 -7\ +T 6 = 20°C-(-10 o C)+(-25°C)= 5°C = 278 K 
(b) From the isentropic relations, 


T 2 =T\ 


t 5 = t 4 


f p ^ 

Ll 

\ p i j 

A N 

V P 4 J 


(k-l)/k 


= (263 K)(3) 


0.667/1.667 


= 408.2 K = 135.2°C 


(k-l)/k 


= (278K)fi 


0.667/1.667 


= 179.1 K = -93. 9°C 


Then the COP of this ideal gas refrigeration cycle is determined from 


COP R 


gL Q_L _ h 6~ h 5 

^ net, in w comp,in “ w turb,out { h 2 ~ h l ) “ ( h 4 ~ h 5 ) 

T 6 -T 5 -25°C-(-93.9°C) 

(r 2 -T x )-{t 4 -T 5 )~ [135.2-(-10)]°C-[5-(-93.9)] o C 


1.49 


(c) The net power input is determined from 

^net,in — ^comp,in — ^turb,out — ^[(^2 — ^1 ) — (^4 — ^5 )] 

= mc p [(T 2 -T t )-(T 4 -T 5 )\ 

= (0.45 kg/s)(5 .1926 kJ/kg ■ °C X[l 3 5 .2 - (- 1 o)] - [5 - (- 93 . 9)]) 

= 108.2 kW 
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11-126 An absorption refrigeration system operating at specified conditions is considered. The minimum rate of heat supply 
required is to be determined. 

Analysis The maximum COP that this refrigeration system can have is 


COP 


R,max 


1 - 


Tr 


T 


s y 


T l 

K T o ~ t l j 


1 - 


298 K 
368 K 


275 

298-275 


= 2.274 


Thus, 


Sgen,min 



COP 


R,max 


28 kW 
2.274 


12.3 kW 


11-127 



Problem 1 1-126 is reconsidered. The effect of the source temperature on the minimum rate of heat supply is 


to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


"Input Data:" 

T_L = 2 [C] 

T_0 = 25 [C] 

T_s = 95 [C] 

Q_dot_L = 28 [kW] 

"The maximum COP that this refrigeration system can have is:" 
COP_R_max = (l-(T_0+273)/(T_s+273))*((T_L+273)/(T_0 - T_L)) 
"The minimum rate of heat supply is:" 

Q_dot_gen_min = Q_dot_L/COP_R_max 



T s [C] 


T s 

fCl 

Qgenmin 

fkWI 

50 

30.26 

75 

16.3 

100 

11.65 

125 

9.32 

150 

7.925 

175 

6.994 

200 

6.33 

225 

5.831 

250 

5.443 
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11-128 A regenerative gas refrigeration cycle using air as the working fluid is considered. The effectiveness of the 
regenerator, the rate of heat removal from the refrigerated space, the COP of the cycle, and the refrigeration load and the 
COP if this system operated on the simple gas refrigeration cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal 
gas with variable specific heats. 

Analysis (a) For this problem, we use the properties of air from EES. Note that for an ideal gas enthalpy is a function of 
temperature only while entropy is functions of both temperature and pressure. 


T x = 0°C 

P x = 100 kPa 
T x = 0°C 
P 2 = 500 kPa 
s 2 = s x 


+ h x = 273.40 kJ/kg 
>s x = 5.61 10 kJ/kg. K 

>h 2s =433.50 kJ/kg 


Vc 


0.80 

h 2 


h 2 s ->h 
h 2 — h | 

433.50-273.40 
h 2 -273.40 
473.52 kJ/kg 


r 3 = 35°C > h 3 = 308.63 kJ/kg 


For the turbine inlet and exit we have 



T 5 

T a 

Hr 

Pi 

Tx 

Pa 

Ta 

P 5 

*5 


= -80°C >h 5 = 193.45 kJ/kg 

= ? >h 4 = 


h 4 ~ 


h 4 -h 5s 


= 100 kPa 


= o°c 

'.V, = 5.6110 kJ/kg. K 

= 500 kPa 


= ? 

“ ^4 — 

= 500 kPa ' 

’ h 5 s = 



We can determine the temperature at the turbine inlet from EES using the above relations. A hand solution would require a 
trial-error approach. 

T 4 = 281.8 K, h 4 = 282.08 kJ/kg 

An energy balance on the regenerator gives 

h 6 =h x -h 3 +h 4 = 273.40-308.63 + 282.08 = 246.85 kJ/kg 

The effectiveness of the regenerator is determined from 

, * 3 ^, 308.63-282.08 

regen h 3 -h 6 308.63-246.85 

(b) The refrigeration load is 

q l = m(h 6 -h 5 ) = (0.4 kg/s)(246.85 - 193.45)kJ/kg = 21 .36 kW 
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(c) The turbine and compressor powers and the COP of the cycle are 

W cin = m(h 2 -h x ) = (0.4 kg/s)(473.52 - 273.40)kJ/kg = 80.05 kW 

W Tout =m(h 4 -h 5 ) = (0.4 kg/s)(282.08-193.45)kJ/kg = 35.45 kW 


COP = 


Ql 





TP36 

80.05 — 35.45 


0.479 


(d) The simple gas refrigeration cycle analysis is as follows: 

h x = 273.40 kJ/kg 
h 2 = 473.52 kJ/kg 
h 3 =308.63 kJ/kg 


P 3 = 500 kPa 
T 3 = 35°C 


>s- 


= 5.2704 kJ/kg 


P x = 100 kPa 

^4 “ ^3 


\h 4s =194.52 kJ/kg.K 



7!t = 


h 3 -h 4 


h 3 - h 4s 


->0.85 = 


308.63 -h 4 


308.63-194.52 


>/z 4 =21 1.64 kJ/kg 


Q l = m{h x -h A ) = (0.4 kg/s)(273.40 - 2 1 1 ,64)kJ/kg = 24.70 kW 

W netin =m(h 2 -h x )-m(h 3 - h 4 ) = (0.4 kg/s)[(473.52- 273.40) -(308.63- 21 1.64)kJ/kg]= 41. 25 kW 
Q l 24.70 


COP = 


W net , in 41.25 


= 0.599 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



11-95 


11-129 An innovative vapor-compression refrigeration system with a heat exchanger is considered. The system’s COP is to 
be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


2 




Analysis From the refrigerant tables (Tables A-l 1, A- 12, and A- 13), 
sat. liquid } * 3 = kf ® 800 kPa = 95 A1 ^ 

^4 “ ^sat @ 800 kPa “H-3 j 



= 31.3-11.3 = 20°C 
= 800 kPa 


f ^4 - h f @20°C 


79.32 kJ/kg 


h 5 = h 4 = 79.32 kJ/kg (throttling) 

T 6 = -10.1°C j K = h g@- 10.1°C “ 244.46 kJ/kg 
sat. vapor J P 6 = P sat @ _io.i°c = 200 kPa 

An energy balance on the heat exchanger gives 

m(h x -h 6 ) = m(h 3 -h 4 ) >h { =h 3 -h 4 +h 6 = 95.47 - 79.32 + 244.46 = 260.61 kJ/kg 


Then, 


P x = 200 kPa 
h x = 260.61 kJ/kg 


s x =0.9970 kJ/kg -K 


P 2 = 800 kPa 

s 2 = s x 


h 2 =292. 17 kJ/kg 


The COP of this refrigeration system is determined from its definition, 


COP R 



W 


in 


K ~ h 5 

h 2 —h x 


244.46-79.32 

292.17-260.61 


5.23 
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11-130 An innovative vapor-compression refrigeration system with a heat exchanger is considered. The system’s COP is to 
be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


2 




Analysis From the refrigerant tables (Tables A-l 1, A- 12, and A- 13), 

P 3 = 800kPa] , , __ 1T/1 

sat. liquid } ki “ kf ® 800 kPa “ 9541 ^ 

^4 “ ^sat @ 800 kPa “21.3 1 


= 31.3-21.3 = 10°C 


> h 4 =h 


f@ io°c 


65.43 kJ/kg 


P 4 = 800 kPa 

h 5 = h 4 = 65.43 kJ/kg (throttling) 

T 6 =- 10.1°C| K =h g@ _ l 0 A o C =244.46 kJ/kg 
sat. vapor J P 6 = P sat @ _io.i o c = 200 kPa 

An energy balance on the heat exchanger gives 

m(h x -h 6 ) = m(h 3 -h 4 ) >h x =h 3 -h 4 +h 6 = 95.47-65.43 + 244.46 = 274.50 kJ/kg 


Then, 


P x = 200 kPa 
h x = 274.50 kJ/kg 

P 2 = 800 kPa 1 


Sl =1.0449 kJ/kg -K 
308.28 kJ/kg 


The COP of this refrigeration system is determined from its definition, 


COP R 



W 


in 


h 6 ~ h 5 

h 2 -h x 


244.46-65.43 

308.28-274.50 
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11-131 An ideal gas refrigeration cycle with with three stages of compression with intercooling using air as the working 
fluid is considered. The COP of this system is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential 
energy changes are negligible. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 

Analysis From the isentropic relations, 





The COP of this ideal gas refrigeration cycle is determined from 
COP R = - = — 

^ net, in ^comp,in ^turb,out 

= h \ ->h 

(h 2 —h ] )+ (h 4 - /z 3 ) + (/z 6 —h 5 ) — (h-j - h s ) 

= TWs 

( t 2 -r 1 ) + 2 (r 4 -r 3 )-(r 7 -r 8 ) 

243-54.3 

~ (423.7 -243) + 2(502.2-288) -(288 -54.3) 

= 0.503 
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11-132 A vortex tube receives compressed air at 500 kPa and 300 K, and supplies 25 percent of it as cold air and the rest as 
hot air. The COP of the vortex tube is to be compared to that of a reversed Brayton cycle for the same pressure ratio; the 
exit temperature of the hot fluid stream and the COP are to be determined; and it is to be shown if this process violates the 
second law. 


Assumptions 1 The vortex tube is adiabatic. 2 Air is an ideal gas with constant specific heats at room temperature. 3 Steady 
operating conditions exist. 


Properties The gas constant of air is 0.287 kJ/kg.K (Table A-l). The specific heat of air at room temperature is c p = 1.005 
kJ/kg.K (Table A-2). The enthalpy of air at absolute temperature T can be expressed in terms of specific heats as h = c p T. 

Analysis (a) The COP of the vortex tube is much lower than the COP of a reversed Brayton cycle of the same pressure ratio 
since the vortex tube involves vortices , which are highly irreversible. Owing to this irreversibility, the minimum 
temperature that can be obtained by the vortex tube is not as low as the one that can be obtained by the revered Brayton 
cycle. 


(b) We take the vortex tube as the system. This is a steady flow system with one inlet and two exits, and it involves no heat 
or work interactions. Then the steady-flow energy balance equation for this system E m = E out for a unit mass flow rate at 
the inlet (m x =1 kg/s) can be expressed as 


m x h x = m 2 h 2 +m 2 h 2 
m lCp T x = m 2 c p T 2 +m 3 c p T 3 
10^= 0.25c p T 2 + 0.75c p T 3 

Canceling c p and solving for r 3 gives 

T x -0.25T 2 300-0.25x278 


Compressed 

air 


f 


Cold air 




2 


T 3 = 


0.75 


0.75 


= 307.3 K 



Therefore, the hot air stream will leave the vortex tube at an average temperature of 307.3 K. 

(c) The entropy balance for this steady flow system S m - S out + S gen = 0 can be expressed as with one inlet and two exits, 

and it involves no heat or work interactions. Then the steady-flow entropy balance equation for this system for a unit mass 
flow rate at the inlet (m x =\ kg/s) can be expressed 


9 =9 - 9 . 

u gen out in 

= m 2 s 2 + m 3 s 3 - m x s x = m 2 s 2 + th 2 s 2 - (m 2 + m 3 )s x 

= m 2 (s 2 -s l ) + m 3 (s 3 

= 0 . 25(^2 - s x ) + 0 J 5 (s 3 -s x ) 

\ / 

+ 0.75 


= 0.25 


c n In — -R\n — 


p 


T 


P 


i J 


c n In — - /? In 


p 


T 


P , 


i J 


Substituting the known quantities, the rate of entropy generation is determined to be 


V - 0.25 


+ 0.75 


(1.005 kJ/kg.K) In 


(1.005 kJ/kg.K) In 


278 K 
300 K 
307.3 K 


(0.287 kJ/kg.K) In 


100 kPa 


(0.287 kJ/kg.K) In 


500 kPa 

s 

100 kPa^ 


300 K ~ ' 500 kPa 

V / 

= 0.461 kW/K > 0 

which is a positive quantity. Therefore, this process satisfies the 2 nd law of thermodynamics. 

(d) For a unit mass flow rate at the inlet ( m x =1 kg / s) , the cooling rate and the power input to the compressor are 
determined to 

Gcooling = m c (h\ ~K) = ™c C p ( T \ ~ T c ) 

= (0.25 kg/s)( 1 .005 kJ/kg.K)(300 - 278)K = 5.53 kW 
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mo RT o (]\ 

~ l)^7comp ^0 


(*— 1)/Jt 

-1 


(1 kg/s)(0.287 kJ/kg.K)(3QQ K) 
(1.4-1)0.80 


( 500kPa V 1 ' 4 1>/L4 
[l00kPa y 


157. lkW 


Then the COP of the vortex refrigerator becomes 

COP = = 5 - 53kW = 0.035 

^co mp ,„ 157.1 kW 

The COP of a Carnot refrigerator operating between the same temperature limits of 300 K and 278 K is 


COP 


Camot 


T l _ 278 K 

Th-T l ~ (300-278) K 


= 12.6 


Discussion Note that the COP of the vortex refrigerator is a small fraction of the COP of a Carnot refrigerator operating 
between the same temperature limits. 
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11-133 A vortex tube receives compressed air at 600 kPa and 300 K, and supplies 25 percent of it as cold air and the rest as 
hot air. The COP of the vortex tube is to be compared to that of a reversed Brayton cycle for the same pressure ratio; the 
exit temperature of the hot fluid stream and the COP are to be determined; and it is to be shown if this process violates the 
second law. 

Assumptions 1 The vortex tube is adiabatic. 2 Air is an ideal gas with constant specific heats at room temperature. 3 Steady 
operating conditions exist. 

Properties The gas constant of air is 0.287 kJ/kg.K (Table A-l). The specific heat of air at room temperature is c p = 1.005 
kJ/kg.K (Table A-2). The enthalpy of air at absolute temperature T can be expressed in terms of specific heats as h = c p T. 

Analysis (a) The COP of the vortex tube is much lower than the COP of a reversed Brayton cycle of the same pressure ratio 
since the vortex tube involves vortices , which are highly irreversible. Owing to this irreversibility, the minimum 
temperature that can be obtained by the vortex tube is not as low as the one that can be obtained by the revered Brayton 
cycle. 

(b) We take the vortex tube as the system. This is a steady flow system with one inlet and two exits, and it involves no heat 
or work interactions. Then the steady- flow entropy balance equation for this system E- m = E out for a unit mass flow rate at 
the inlet (m 1 =1 kg/s) can be expressed as 

m x h\ = m 2 h 2 +m 2 h 2 
m lCp T x = m 2 c p T 2 +m 3 c p T 3 
10^= 0.25c p T 2 + 0.75c p T 3 

Canceling c p and solving for r 3 gives 

_ T x -0.25 T 2 _ 300-0.25x278 
3 ~ 0.75 ~ 0.75 

Therefore, the hot air stream will leave the vortex tube at an average temperature of 307.3 K. 

(c) The entropy balance for this steady flow system S m - S out + S = 0 can be expressed as with one inlet and two exits, 

and it involves no heat or work interactions. Then the steady-flow energy balance equation for this system for a unit mass 
flow rate at the inlet ( rh x =1 kg/s) can be expressed 



c - e _ c. 
u gen out in 

= m 2 s 2 +m 2 s 2 -m x s x =m 2 s 2 +m 2 s 2 — (m 2 +m 2 )s x 
= m 2 (s 2 -s l ) + m 3 (s 3 -Sj) 

= 0. 25(^2 — ) + 0. 75(^3 -s x ) 


( T 2 

Pi 

f rp 

1 ^ 

P , ^ 

0.25 c In 2 

R In 2 

+ 0.75 c„ In — 

R In 3 

P TP 

V 7 1 

p \ . 

P rr 

/ V y l 

p i) 


Substituting the known quantities, the rate of entropy generation is determined to be 

f 278 K 1 00 kPa ^ 

=0.25 (1.005 kJ/kg.K)ln— (0.287 kJ/kg.K)ln 

gen ^ 300 K 600 kPa ) 

( 307 3 K 100 kPa ^ 

+ 0.75 (1.005 kJ/kg.K)ln (0.287 kJ/kg.K)ln 

V 300 K 600kPaJ 

= 0.513 kW/K > 0 

which is a positive quantity. Therefore, this process satisfies the 2 nd law of thermodynamics. 

(d) For a unit mass flow rate at the inlet (m x =1 kg / s) , the cooling rate and the power input to the compressor are 
determined to 

^cooling — m c (^1 — ) — m c C p (-^1 — ) 

= (0.25 kg/s)( 1 .005 kJ/kg.K)(300 - 278)K = 5.53 kW 
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m 0 RT 0 P { 

— l)^7comp v ^0 y 


( k-\)/k 

-1 


(1 kg/s)(0.287 kJ/kg.K)(300 K) 
(1.4-1)0.80 


( OOOkPaV 1 ' 4 1>/L4 

[l00kPa y 


179.9 kW 


Then the COP of the vortex refrigerator becomes 

COP = = 5 - 53kW = 0.031 

^co mp ,„ 179.9 kW 

The COP of a Carnot refrigerator operating between the same temperature limits of 300 K and 278 K is 


COP 


Carnot 


T l _ 278 K 

t h ~ t l ~ (300- 278) K 


= 12.6 


Discussion Note that the COP of the vortex refrigerator is a small fraction of the COP of a Carnot refrigerator operating 
between the same temperature limits. 
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11-134 



The effect of the evaporator pressure on the COP of an ideal vapor-compression refrigeration cycle with R- 


134a as the working fluid is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

P[1]=100 [kPa] 

P[2] = 1400 [kPa] 

Fluid$='R1 34a' 

Eta_c=1 .0 "Compressor isentropic efficiency" 

"Compressor" 

h[1]=enthalpy(Fluid$,P=P[1],x=1) "properties for state 1" 
s[1 ]=entropy(Fluid$,P=P[1],x=1 ) 

T[1]=temperature(Fluid$,h=h[1],P=P[1]) 

h2s=enthalpy(Fluid$,P=P[2],s=s[1]) "Identifies state 2s as isentropic" 
h[1]+Wcs=h2s "energy balance on isentropic compressor" 
W_c=Wcs/Eta_c"definition of compressor isentropic efficiency" 
h[1]+W_c=h[2] "energy balance on real compressor-assumed adiabatic" 
s[2]=entropy(Fluid$,h=h[2],P=P[2]) "properties for state 2" 
T[2]=temperature(Fluid$,h=h[2],P=P[2]) 

"Condenser" 

P[3] = P[2] 

h[3]=enthalpy(Fluid$,P=P[3],x=0) "properties for state 3" 

s[3]=entropy(Fluid$,P=P[3],x=0) 

h[2]=Qout+h[3] "energy balance on condenser" 

"Throttle Valve" 

h[4]=h[3] "energy balance on throttle - isenthalpic" 
x[4]=quality(Fluid$,h=h[4],P=P[4]) "properties for state 4" 
s[4]=entropy(Fluid$,h=h[4],P=P[4]) 
T[4]=temperature(Fluid$,h=h[4],P=P[4]) 

"Evaporator" 

P[4]= P[1] 

QJn + h[4]=h[1] "energy balance on evaporator" 

"Coefficient of Performance:" 

COP=Q_in/W_c "definition of COP" 



P[1] [kPa] 


Pi 

[kPal 

COP 

Tic 

100 

1.937 

1 

150 

2.417 

1 

200 

2.886 

1 

250 

3.363 

1 

300 

3.859 

1 

350 

4.384 

1 

400 

4.946 

1 

450 

5.555 

1 

500 

6.22 

1 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


11-103 


11-135 



The effect of the condenser pressure on the COP of an ideal vapor-compression refrigeration cycle with R- 


134a as the working fluid is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

P[1]=150 [kPa] 

P[2] = 400 [kPa] 

Fluid$='R1 34a' 

Eta_c=0.7 "Compressor isentropic efficiency" 

"Compressor" 

h[1]=enthalpy(Fluid$,P=P[1],x=1) "properties for state 1" 
s[1 ]=entropy(Fluid$,P=P[1],x=1 ) 

T[1]=temperature(Fluid$,h=h[1],P=P[1]) 

h2s=enthalpy(Fluid$,P=P[2],s=s[1]) "Identifies state 2s as isentropic" 
h[1]+Wcs=h2s "energy balance on isentropic compressor" 
W_c=Wcs/Eta_c"definition of compressor isentropic efficiency" 
h[1]+W_c=h[2] "energy balance on real compressor-assumed adiabatic" 
s[2]=entropy(Fluid$,h=h[2],P=P[2]) "properties for state 2" 
T[2]=temperature(Fluid$,h=h[2],P=P[2]) 

"Condenser" 

P[3] = P[2] 

h[3]=enthalpy(Fluid$,P=P[3],x=0) "properties for state 3" 

s[3]=entropy(Fluid$,P=P[3],x=0) 

h[2]=Qout+h[3] "energy balance on condenser" 

"Throttle Valve" 

h[4]=h[3] "energy balance on throttle - isenthalpic" 
x[4]=quality(Fluid$,h=h[4],P=P[4]) "properties for state 4" 
s[4]=entropy(Fluid$,h=h[4],P=P[4]) 
T[4]=temperature(Fluid$,h=h[4],P=P[4]) 

"Evaporator" 

P[4]= P[1] 

QJn + h[4]=h[1] "energy balance on evaporator" 

"Coefficient of Performance:" 

COP=Q_in/W_c "definition of COP" 



P[2] [kPa] 


p 2 

fkPal 

COP 

Tic 

400 

6.162 

0.7 

500 

4.722 

0.7 

600 

3.881 

0.7 

700 

3.32 

0.7 

800 

2.913 

0.7 

900 

2.6 

0.7 

1000 

2.351 

0.7 

1100 

2.145 

0.7 

1200 

1.971 

0.7 

1300 

1.822 

0.7 

1400 

1.692 

0.7 
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11-136 A relation for the COP of the two-stage refrigeration system with a flash chamber shown in Fig. 11-12 is to be 
derived. 

Analysis The coefficient of performance is determined from 


COP R = 


<7l 


w 


in 


where 


<lL = (l — *6 )( /! l - \ ) with *6 = “ 

h fs 

^in = Wcompyn + W compIliin = (l ~ X 6 )(/z 2 ~h x )+ (l)(/z 4 - h 9 ) 
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11-137 Consider a heat pump that operates on the reversed Carnot cycle with R-134a as the working fluid executed under 
the saturation dome between the pressure limits of 140 kPa and 800 kPa. R-134a changes from saturated vapor to saturated 
liquid during the heat rejection process. The net work input for this cycle is 

(a) 28 kJ/kg (b) 34 kJ/kg (c) 49 kJ/kg (d) 144 kJ/kg (e) 275 kJ/kg 

Answer (a) 28 kJ/kg 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PI =800 "kPa" 

P2=140 "kPa" 

h_fg=ENTHALPY(R1 34a, x=1 ,P=P1 )-ENTHALPY(R1 34a,x=0,P=P1 ) 

TH=TEMPERATURE(R1 34a,x=0,P=P1 )+273 

TL=TEMPERATURE(R134a,x=0,P=P2)+273 

q_H=h_fg 

COP=TH/(TH-TL) 

w_net=q_H/COP 

"Some Wrong Solutions with Common Mistakes:" 

W1_work = q_H/COP1 ; COP1=TL/(TH-TL) "Using COP of regrigerator" 

W2_work = q_H/COP2; COP2=(TH-273)/(TH-TL) "Using C instead of K" 

W3_work = h_fg3/COP; h_fg3= ENTHALPY(R134a,x=1,P=P2)-ENTHALPY(R134a,x=0,P=P2) "Using h_fg at 
P2" 

W4_work = q_H*TL/TH "Using the wrong relation" 


11-138 A refrigerator removes heat from a refrigerated space at 0°C at a rate of 2.2 kJ/s and rejects it to an environment at 
20°C. The minimum required power input is 

(a) 89 W (b) 150 W (c) 161 W (d) 557 W (e) 2200 W 

Answer (c) 161 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


TH=20+273 
TL=0+273 
Q_L=2.2 "kJ/s" 

COP_max=TL/(TH-TL) 

w_min=Q_L/COP_max 

"Some Wrong Solutions with Common Mistakes:" 

W1_work = Q_L/COP1 ; COP1=TH/(TH-TL) "Using COP of heat pump" 
W2_work = Q_L/COP2; COP2=(TH-273)/(TH-TL) "Using C instead of K" 
W3_work = Q_L*TL/TH "Using the wrong relation" 

W4_work = Q_L "Taking the rate of refrigeration as power input" 
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11-139 A refrigerator operates on the ideal vapor compression refrigeration cycle with R-134a as the working fluid between 
the pressure limits of 120 kPa and 800 kPa. If the rate of heat removal from the refrigerated space is 32 kJ/s, the mass flow 
rate of the refrigerant is 

(a) 0.19 kg/s (b) 0.15 kg/s (c) 0.23 kg/s (d) 0.28 kg/s (e) 0.81 kg/s 

Answer (c) 0.23 kg/s 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PI =120 "kPa" 

P2=800 "kPa" 

P3=P2 

P4=P1 

s2=s1 

Q_refrig=32 "kJ/s" 
m=Q_refrig/(h1-h4) 
hi =ENTHALPY(R1 34a, x=1 ,P=P1 ) 
s1=ENTROPY(R1 34a, x=1 ,P=P1 ) 
h2=ENTHALPY(R1 34a,s=s2,P=P2) 
h3=ENTHALPY(R1 34a,x=0,P=P3) 
h4=h3 


"Some Wrong Solutions with Common Mistakes:" 

W1_mass = Q_refrig/(h2-h1) "Using wrong enthalpies, for W in" 

W2_mass = Q_refrig/(h2-h3) "Using wrong enthalpies, for Q_H" 

W3_mass = Q_refrig/(h1-h44); h44=ENTHALPY(R134a,x=0,P=P4) "Using wrong enthalpy h4 (at P4)" 
W4_mass = Q_refrig/h_fg; h_fg=ENTHALPY(R134a,x=1,P=P2) - ENTHALPY(R134a,x=0,P=P2) "Using h_fg at 
P2" 
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11-140 A heat pump operates on the ideal vapor compression refrigeration cycle with R-134a as the working fluid between 
the pressure limits of 0.32 MPa and 1.2 MPa. If the mass flow rate of the refrigerant is 0.193 kg/s, the rate of heat supply by 
the heat pump to the heated space is 

(a) 3.3 kW (b) 23 kW (c) 26 kW (d)31kW (e) 45 kW 

Answer (d) 31 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PI =320 "kPa" 

P2=1200 "kPa" 

P3=P2 

P4=P1 

s2=s1 

m=0.193 "kg/s" 
Q_supply=m*(h2-h3) "kJ/s" 
hi =ENTHALPY(R1 34a, x=1 ,P=P1 ) 
s1=ENTROPY(R1 34a, x=1 ,P=P1 ) 
h2=ENTHALPY(R1 34a,s=s2,P=P2) 
h3=ENTHALPY(R1 34a,x=0,P=P3) 
h4=h3 


"Some Wrong Solutions with Common Mistakes:" 

W1_Qh = m*(h2-h1) "Using wrong enthalpies, for WJn" 

W2_Qh = m*(h1-h4) "Using wrong enthalpies, for Q_L" 

W3_Qh = m*(h22-h4); h22=ENTHALPY(R134a,x=1,P=P2) "Using wrong enthalpy h2 (hg at P2)" 

W4_Qh = m*h_fg; h_fg=ENTHALPY(R1 34a, x=1 ,P=P1 ) - ENTHALPY(R134a,x=0,P=P1) "Using h_fg at PI" 
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11-141 An ideal vapor compression refrigeration cycle with R-134a as the working fluid operates between the pressure 
limits of 120 kPa and 700 kPa. The mass fraction of the refrigerant that is in the liquid phase at the inlet of the evaporator is 

(a) 0.69 (b) 0.63 (c) 0.58 (d) 0.43 (e) 0.35 

Answer (a) 0.69 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PI =120 "kPa" 

P2=700 "kPa" 

P3=P2 

P4=P1 

hi =ENTHALPY(R1 34a, x=1 ,P=P1 ) 
h3=ENTHALPY(R1 34a,x=0,P=P3) 
h4=h3 

x4=QUALITY(R1 34a,h=h4,P=P4) 
Iiquid=1-x4 


"Some Wrong Solutions with Common Mistakes:" 

W1 Jiquid = x4 "Taking quality as liquid content" 

W2_liquid = 0 "Assuming superheated vapor" 

W3_liquid = 1-x4s; x4s=QUALITY(R134a,s=s3,P=P4) "Assuming isentropic expansion" 
s3=ENTROPY(R1 34a,x=0,P=P3) 
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11-142 Consider a heat pump that operates on the ideal vapor compression refrigeration cycle with R-134a as the working 
fluid between the pressure limits of 0.32 MPa and 1.2 MPa. The coefficient of performance of this heat pump is 

(a) 0.17 (b) 1.2 (c) 3.1 (d) 4.9 (e) 5.9 

Answer (e) 5.9 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PI =320 "kPa" 

P2=1200 "kPa" 

P3=P2 

P4=P1 

s2=s1 

hi =ENTHALPY(R1 34a, x=1 ,P=P1 ) 
s1=ENTROPY(R1 34a, x=1 ,P=P1 ) 
h2=ENTHALPY(R1 34a,s=s2,P=P2) 
h3=ENTHALPY(R1 34a,x=0,P=P3) 
h4=h3 

COP_HP=qH/Win 

Win=h2-h1 

qH=h2-h3 


"Some Wrong Solutions with Common Mistakes:" 

W1_COP = (h1-h4)/(h2-h1) "COP of refrigerator" 

W2 COP = (h1-h4)/(h2-h3) "Using wrong enthalpies, QL/QH" 

W3_COP = (h22-h3)/(h22-h1); h22=ENTHALPY(R1 34a, x=1 ,P=P2) "Using wrong enthalpy h2 (hg at P2)" 


11-143 An ideal gas refrigeration cycle using air as the working fluid operates between the pressure limits of 80 kPa and 
280 kPa. Air is cooled to 35°C before entering the turbine. The lowest temperature of this cycle is 

(a) -58°C (b) -26°C (c) 0°C (d) 11°C (e) 24°C 

Answer (a) -58°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1 .4 

P1= 80 "kPa" 

P2=280 "kPa" 

T3=35+273 "K" 

"Mimimum temperature is the turbine exit temperature" 
T4=T3*(P1/P2) A ((k-1 )/k) - 273 

"Some Wrong Solutions with Common Mistakes:" 

W1_Tmin = (T3-273)*(P1/P2) A ((k-1)/k) "Using C instead of K" 
W2_Tmin = T3*(P1/P2) A ((k-1)) - 273 "Using wrong exponent" 
W3_Tmin = T3*(P1/P2) A k - 273 "Using wrong exponent" 
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11-144 Consider an ideal gas refrigeration cycle using helium as the working fluid. Helium enters the compressor at 100 
kPa and 17°C and is compressed to 400 kPa. Helium is then cooled to 20°C before it enters the turbine. For a mass flow 
rate of 0.2 kg/s, the net power input required is 

(a) 28.3 kW (b) 40.5 kW (c) 64.7 kW (d) 93.7 kW (e) 1 13 kW 

Answer (d) 93.7 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1 .667 

Cp=5.1 926 "kJ/kg.K" 

PI = 100 "kPa" 

T1 =17+273 "K" 

P2=400 "kPa" 

T3=20+273 "K" 
m=0.2 "kg/s" 

"Mimimum temperature is the turbine exit temperature" 

T2=T 1 *(P2/P1 ) A ((k-1 )/k) 

T4=T3*(P1/P2) A ((k-1 )/k) 

W_netin=m*Cp*((T2-T 1 )-(T3-T4)) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Win = m*Cp*((T22-T 1 )-(T3-T44)) ; T22=T1*P2/P1 ; T44=T3*P1/P2 "Using wrong relations for temps" 
W2_Win = m*Cp*(T2-T1) "Ignoring turbine work" 

W3_Win=m*1.005*((T2B-T1)-(T3-T4B));T2B=T1*(P2/P1) A ((kB-1)/kB);T4B=T3*(P1/P2) A ((kB-1)/kB); kB=1.4 
"Using air properties" 

W4_Win=m*Cp*((T2A-(T 1 -273))-(T3-273-T4A)); T2A=(T 1 -273)*(P2/P1 ) A ((k-1 )/k); T4A=(T3-273)*(P1/P2) A ((k- 
1)/k) "Using C instead of K" 
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11-145 An absorption air-conditioning system is to remove heat from the conditioned space at 20°C at a rate of 150 kJ/s 
while operating in an environment at 35°C. Heat is to be supplied from a geothermal source at 140°C. The minimum rate of 
heat supply required is 

(a) 86 kJ/s (b) 21 kJ/s (c) 30 kJ/s (d) 61 kJ/s (e) 150 kJ/s 

Answer (c) 30 kJ/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


TL=20+273 "K" 

Q_refrig=1 50 "kJ/s" 

To=35+273 "K" 

Ts=1 40+273 "K" 

COP_max=(1 -To/Ts)*(TL/(To-TL)) 

Q_in=Q_refrig/COP_max 

"Some Wrong Solutions with Common Mistakes:" 

W1_Qin = Q refrig "Taking COP = 1" 

W2_Qin = Q_refrig/COP2; COP2=TL/(Ts-TL) "Wrong COP expression" 

W3_Qin = Q_refrig/COP3; COP3=(1-To/Ts)*(Ts/(To-TL)) "Wrong COP expression, COP_HP" 
W4_Qin = Q_refrig*COP_max "Multiplying by COP instead of dividing" 
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11-146 Consider a refrigerator that operates on the vapor compression refrigeration cycle with R-134a as the working fluid. 
The refrigerant enters the compressor as saturated vapor at 160 kPa, and exits at 800 kPa and 50°C, and leaves the 
condenser as saturated liquid at 800 kPa. The coefficient of performance of this refrigerator is 

(a) 2.6 (b) 1.0 (c) 4.2 (d) 3.2 (e) 4.4 

Answer (d) 3.2 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PI =160 "kPa" 

P2=800 "kPa" 

T2=50 "C" 

P3=P2 

P4=P1 

hi =ENTHALPY(R1 34a, x=1 ,P=P1 ) 
s1=ENTROPY(R1 34a, x=1 ,P=P1 ) 
h2=ENTHALPY(R1 34a,T=T2,P=P2) 
h3=ENTHALPY(R1 34a,x=0,P=P3) 
h4=h3 

COP_R=qL/Win 

Win=h2-h1 

qL=h1-h4 


"Some Wrong Solutions with Common Mistakes:" 

W1_COP = (h2-h3)/(h2-h1) "COP of heat pump" 

W2 COP = (h1-h4)/(h2-h3) "Using wrong enthalpies, QL/QH" 

W3_COP = (h1-h4)/(h2s-h1); h2s=ENTHALPY(R134a,s=s1,P=P2) "Assuming isentropic compression" 


11-147 ■■■ 11-155 Design and Essay Problems 
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Partial Derivatives and Associated Relations 


12-1C For functions that depend on one variable, they are identical. For functions that depend on two or more variable, the 
partial differential represents the change in the function with one of the variables as the other variables are held constant. 
The ordinary differential for such functions represents the total change as a result of differential changes in all variables. 


12-2C (a) (dx) y = dx ; (b) (dz) y < dz; and (c) dz = (dz) x + (dz) y 


12-3C Yes. 


12-4C Yes. 


12-5 Air at a specified temperature and specific volume is considered. The changes in pressure corresponding to a certain 
increase of different properties are to be determined. 

Assumptions Air is an ideal gas. 

Properties The gas constant of air is R = 0.287 kPa-m 3 /kg-K (Table A-l). 

Analysis An ideal gas equation can be expressed as P = RT/v. Noting that R is a constant and P = P(T, d), 


dP = 


r dp'- 




dT + 


r dP N 


ydVy 


dv = 

j ' v 


RdT RTdv 


v 


(i a ) The change in T can be expressed as dT = A T= 300 x 0.01 = 3.0 K. At i/= constant, 
RdT (0.287 kPa-m 3 /kg-K)(3.0K) 


(dP l = 


= 0.7175 kPa 


c/ 


1 .2 m /kg 

(b) The change in c/can be expressed as dv= A(/= 1.2 x 0.01 = 0.012 m /kg. At T= constant, 

RTdv (0.287 kPa • m 3 /kg • K)(300 K)(0.012 m 3 /kg) 


(dP)r = 


c/ 


(1.2 m 3 /kg) 


0.7175 kPa 


(c) When both vand T increases by 1%, the change in P becomes 
dP = (dP) v +(dP) T =0.7175 + (-0.7175) = 0 
Thus the changes in T and i/balance each other. 
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12-3 


12-6 Helium at a specified temperature and specific volume is considered. The changes in pressure corresponding to a 
certain increase of different properties are to be determined. 

Assumptions Helium is an ideal gas 

Properties The gas constant of helium is R = 2.0769 kPa-m 3 /kg-K (Table A-l). 

Analysis An ideal gas equation can be expressed as P = RT/v. Noting that R is a constant and P = P(T, </ ), 


dP = 


r dp'- 




dT + 


'dP' 


yd</y 


do - 

ji {/ 


RdT RTdo 


o 


(a) The change in T can be expressed as dT = A T= 300 x 0.01 = 3.0 K. At o = constant, 


(dP) v = 


RdT (2.0769 kPa • m 3 /kg • K)(3.0 K) 


5.192 kPa 


i/ 


1.2 m /kg 

(b) The change in c/can be expressed as do= Ao= 1.2 x 0.01 = 0.012 m /kg. At T= constant, 


{dp) T = 


RTdv (2.0769 kPa • m 3 /kg • K)(300 K)(0.012m 3 ) 


o 


(1.2 m 3 /kg) 2 


5.192 kPa 


(c) When both (/and T increases by 1%, the change in P becomes 
dP=(dP)„+(dP) T = 5.192 + (-5.192) = 0 

Thus the changes in T and v balance each other. 


12-7 Nitrogen gas at a specified state is considered. The c p and c u of the nitrogen are to be determined using Table A- 18, 
and to be compared to the values listed in Table A-2 b. 


Analysis The c p and c v of ideal gases depends on temperature only, and are expressed as c p {T) = dh(T)/dT and c£T) = 
du(T)/dT. Approximating the differentials as differences about 400 K, the c p and c„ values are determined to be 


c p (400 K) = 


dh(T) 

dT 


A h(T) 


Jt = 400 K 


AT 


400 K 


/7(410K)-/7(390 K) 

(410- 390 )K 

_ (11,932- 11, 347)/28.0 kJ/kg 
(410-390)K 

= 1 .045 kJ/kg K 

(Compare: Table A-2b at 400 K — > c p = 1.044 kJ/kg-K) 

r du(T)\ ( Au(T)^ 


c v (400K) = 


dT 


ST = 400 K 


AT 


J T=400 K 


m(410K)-m(390 K) 
(410- 390 )K 

(8,523 -8,1 04 )/28.0 kJ/kg 
(410-390)K 


= 0.748 kJ/kg K 



(Compare: Table A-2b at 400 K — > c w = 0.747 kJ/kg-K) 
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12-4 


12-8E Nitrogen gas at a specified state is considered. The c p and c^of the nitrogen are to be determined using Table A-18E, 
and to be compared to the values listed in Table A-2E b. 


Analysis The c p and c^of ideal gases depends on temperature only, and are expressed as c p (T) = dh(T)/dT and c^T) = 
du(T)/dT. Approximating the differentials as differences about 600 R, the c p and c w values are determined to be 


c /; (800 R) = 


' dh(T) '' 

V dT ^ r= gooR 


" Ah(T)'' 
v AT yr=800 R 


/?(820 R)-/?(780 R) 
(820-780)R 


(5704.7 


5424. 2)/28. 013 Btii/lbm 
(820 - 780)R 


= 0.250 Btu/lbm R 


(Compare: Table A-2E b at 800 R = 340°F — > c p = 0.250 Btu/lbm-R ) 

, ’du(T)'\ J &u{T)' s 

J 7’=800 R 


c v (800 R) = 


v 


dT 


v 


AT 


/ r= 800 R 


m(820 R)-w(780 R) 

(820 - 780)R 

_ (4076.3 -3875.2)/28.013 Btu/lbm 
(820 - 780)R 


= 0.179 Btu/lbm R 


(Compare: Table A-2Eb at 800 R = 340°F c v = 0. 179 Btu/lbm-R) 
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12-9 The state of an ideal gas is altered slightly. The change in the specific volume of the gas is to be determined using 
differential relations and the ideal-gas relation at each state. 

Assumptions The gas is air and air is an ideal gas. 

Properties The gas constant of air is R = 0.287 kPa-m 3 /kg-K (Table A-l). 

Analysis ( a ) The changes in T and P can be expressed as 

dT = AT = (404 - 400)K = 4 K 
dP = AP = (96 - 1 00)kPa = -4 kPa 


The ideal gas relation Po= RT can be expressed as o= RT/P. Note that R is a constant and o 
differential relation and using average values for T and P, 


o(T, P). Applying the total 


do = 


do 

dT 


dT + 


y p 


do 

dP 


dP = 


Jt 


= (0.287 kPa-m 3 /kg-K) 


RdT RTdP 
P p 2 

4 K (402 K)(-4 kPa) 
98 kPa (98 kPa) 2 


= (0.01 17 m 3 /kg) + (0.04805 m 3 /kg) = 0.0598 m 3 /kg 


(b) Using the ideal gas relation at each state, 


t/, = ^i = (0-287 kPa.^/kg-K)(400K) =U480 m3 


P 


100 kPa 


c = ^ = (0-287 kPa-^/kg.K)(404K) = ^ m 3 /kg 


Py 


96 kPa 


Thus, 

At/ = v 2 -v x = 1.2078 - 1.1480 = 0.0598 m 3 /kg 
The two results are identical. 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



12-6 


12-10 Using the equation of state P(v~a) = RT ', the cyclic relation, and the reciprocity relation at constant (/are to be 
verified. 

Analysis (a) This equation of state involves three variables P, (/, and T. Any two of these can be taken as the independent 
variables, with the remaining one being the dependent variable. Replacing x, y, and z by P, i/, and T, the cyclic relation can 
be expressed as 


f dP] 




(ST\ 


T 

W 

P 



where 


P = 


v - 


T = 


RT 
v - a 
RT 




+ a. 


P 

P ( (/ - a) 


-> 


\di > j T 


\dT Jp 

f : r r \ 


R 


■» 


dT_ 

JPj 


-RT 

(i/ - of 
R 
~~P 
v - a 
R 


P 


v - a 


Substituting, 

r dP\ (dv\ ( dT A 


ydVj T 


\dT j p 


ydPj 


P 


i /-a 


r R^ 


R 


= -l 


which is the desired result. 

(b) The reciprocity rule for this gas at </= constant can be expressed as 




1 


T = 
P = 


K dTj 

P(v-a) 

R 
RT 


V ( dT!dP) v 


-> 


K dPj 


i /-a 


R 


f dP A 


v - a 


\dTj 


R 


v- a 


We observe that the first differential is the inverse of the second one. Thus the proof is complete. 
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12-11 It is to be proven for an ideal gas that the P = constant lines on a T- </ diagram are straight lines and that the high 
pressure lines are steeper than the low-pressure lines. 


Analysis ( a ) For an ideal gas Pv= RT or T= Pv/R. Taking the partial derivative of T with respect to v holding P constant 
yields 


'dT\ P 
K dv) P R 

which remains constant at P = constant. Thus the derivative 
( dT/dO ) P , which represents the slope of the P = const, lines on a T-v 
diagram, remains constant. That is, the P = const, lines are straight 
lines on a T-v diagram. 

(b) The slope of the P = const, lines on a T-v diagram is equal to P/R, 
which is proportional to P. Therefore, the high pressure lines are 
steeper than low pressure lines on the T-v diagram. 



12-12 A relation is to be derived for the slope of the i/= constant lines on a T-P diagram for a gas that obeys the van der 
Waals equation of state. 

Analysis The van der Waals equation of state can be expressed as 


T = — 
R 


r 


P 


a 


i / 2 J 


(v-b) 


Taking the derivative of T with respect to P holding (/constant, 


r dT ' 


ydPy v 


v-b 


=1(1+0 X«—*)= 


which is the slope of the i/= constant lines on a T-P diagram. 
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The Maxwell Relations 


12-13 The validity of the last Maxwell relation for refrigerant- 1 34a at a specified state is to be verified. 


Analysis We do not have exact analytical property relations for refrigerant- 134a, and thus we need to replace the 
differential quantities in the last Maxwell relation with the corresponding finite quantities. Using property values from the 
tables about the specified state, 




\dP j T \iy± j p 

V APy r=50 °c 


9 r 

cT 

Ac/ 


V AT yp =700kPa 


r « _ „ n 

^ 900 kPa ^ 500 kPa 


(900 - 500)kPa 


50 °c 


VlQ°C {/ 30°C 

(70 - 30)°C 


y P= 700kPa 


(0.9660 - 1.0309)kJ/kg ■ K ? (0.036373 - 0.029966)m 3 /kg 

(900 - 500)kPa = (70-30)°C 

- 1.621 xlO -4 m 3 /kg -K = -1.602 xl0“ 4 m 3 /kg-K 
since kJ = kPa-m 3 , and K = °C for temperature differences. Thus the last Maxwell relation is satisfied. 
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12-9 


12-14 



Problem 12-13 is reconsidered. The validity of the last Maxwell relation for refrigerant 134a at the specified 


state is to be verified. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data:" 

T=50 [C] 

P=700 [kPa] 

PJncrement = 200 [kPa] 

TJncrement = 20 [C] 

P[2]=P+PJncrement 
P[1 ]=P-P increment 
T[2]=T +T_increment 
T[1 j=T -TJncrement 

DELTAP = P[2]-P[1] 

DELTAT = T[2]-T[1] 

v[1]=volume(R134a,T=T[1],P=P) 
v[2]=volume(R1 34a,T=T[2],P=P) 
s[1]=entropy(R134a,T=T,P=P[1]) 
s[2]=entropy(R134a,T=T,P=P[2]) 

DELTAs=s[2] - s[1] 

DELTAv=v[2] - v[1] 

"The partial derivatives in the last Maxwell relation (Eq. 12-19) is associated with the Gibbs function and are 
approximated by the ratio of ordinary differentials:" 

Leftside =DELTAs/DELTAP*Convert(kJ,m A 3-kPa) "[m A 3/kg-K]" "at T = Const." 
RightSide=-DELTAv/DELTAT "[m A 3/kg-K]" "at P = Const." 


SOLUTION 
DELTAP=400 [kPa] 

DELTAs=-0. 06484 [kJ/kg-K] 
DELTAT=40 [C] 

DELTAv=0. 006407 [m A 3/kg] 
LeftSide=-0.0001621 [m A 3/kg-K] 
P=700 [kPa] 

P[1]=500 [kPa] 

P[2]=900 [kPa] 

PJncrement=200 [kPa] 
RightSide=-0. 0001 602 [m A 3/kg-K] 
s[1 ]=1.0309 [kJ/kg-K] 
s[2]=0.9660 [kJ/kg-K] 

T=50 [C] 

T[1]-30 [C] 

T[2]=70 [C] 

TJncrement=20 [C] 
v[1 ]=0.02997 [m A 3/kg] 
v[2]=0. 03637 [m A 3/kg] 
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12-15E The validity of the last Maxwell relation for steam at a specified state is to be verified. 

Analysis We do not have exact analytical property relations for steam, and thus we need to replace the differential 
quantities in the last Maxwell relation with the corresponding finite quantities. Using property values from the tables about 
the specified state, 


r ds ^ 

\dP j T 


f A „ \ 


As 1 


r dv A 
\dT y p 


f A 


v APy r=8 oo°F 


^ 450 psia ^ 350 psia 


(450-350)psia 


2r=800°F 


Ac/ 

V ^ J p=400psia 


l/ 900°F l/ 700°F 

(900-700)°F 


7,P=400psia 


(1.6706 -1.7009)Btu/lbm-R ? (1.9777 -1.6507)ft 3 /lbm 


(450-350)psia 


(900-700)°F 


-1.639xl0~ 3 ft 3 /lbm-R = -1.635xl0~ 3 ft 3 /lbm-R 


since 1 Btu = 5.4039 psia- ft', and R = °F for temperature differences. Thus the fourth Maxwell relation is satisfied. 


12-16 Using the Maxwell relations, a relation for (ds/dP)r for a gas whose equation of state is P(v-b) = RT is to be 
obtained. 


RT 

Analysis This equation of state can be expressed as c/ = + b . Then, 




K dTj 


p 


R 

P 


From the fourth Maxwell relation. 


( ds 'j 


( di/^| 

U-pJ 

T 



R 

P 


12-17 Using the Maxwell relations, a relation for {dsldO) T for a gas whose equation of state is ( P-a/u)( v-b) = RT is to be 
obtained. 

RT a 

Analysis This equation of state can be expressed as P = 1 — — . Then, 

v-b v 2 


TAi - 

K dTJ v v-b 

From the third Maxwell relation, 


{ ds ) 


f 8P] 

R 

U«/y 

T 

[dTj 

v ~ v-b 
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12-18 Using the Maxwell relations and the ideal-gas equation of state, 
obtained. 

RT 

Analysis The ideal gas equation of state can be expressed as P = . 


'ap) _r 

kST) v C/ 

From the third Maxwell relation, 


f ds ) 


f dP 1 

UvJ 

T 



a relation for (ds/d 0) T for an ideal gas is to be 
Then, 
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12-19 It is to be proven that 


Analysis Using the definition of c„, 


c v = T 


r dp] 

k 

f 

(dT) 

S~ k - 1 

w 


r ds 'j 

= T 

f ds 'j 


f dP^ 

(dT) 

v 

(dP) 

V 

W 


Substituting the first Maxwell relation 


c ,, = -T 


( ds 'j 




(/ 

UrJ 


f d 


f dP \ 

(dT) 

S 

w 


Using the definition of c 


p> 


c p —T 


r ds A 


K dTj 


= T 


r ds A 


p 


V d</y 




P 


ydTy 


P 


Substituting the second Maxwell relation 

P P a. .\ 


' ds^ 


ydVj 


r dP ^ 


p ydT j 


C P = T 


dP_ 

ydTy 


dv_ 

ydT y p 


From Eq. 12-46, 


C P -c v = ~ T 


r di A 2 (8P' 


ydT y p 


ydv y T 


Also, 


k 


p 


k - 1 c p -c„ 


Then, 


k 

( dP ^ 

V dT y 

s 

( d v') 
ydT) 

P _ _ 

( dP 

S 

( dT 1 

p 


k - 1 ( 


2 

( dP N 

\ 

(dT) 

U«/J 

UU 


dT 


5 c/ 


j pK Kjy, jj 

Substituting this into the original equation in the problem statement produces 

r dP\ ( dP\ (dT\ (dv\ ( dP A 


ydTy 


ydTy 


ydvy 


p ydP y T 


ydTy 


But, according to the cyclic relation, the last three terms are equal to -1. Then, 


r dp] 


f 

(dT) 

S 
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12-20 It is to be shown how T, v, u, a , and g could be evaluated from the thermodynamic function h = h(s, P). 
Analysis Forming the differential of the given expression for h produces 


12-13 


dh - 


r dh^ 


ds 


ds + 


v dP j 


dP 


V ^ J p 

Solving the dh Gibbs equation gives 
dh = Tds + vdP 

Comparing the coefficient of these two expressions 


T = 


v = 


dh 

ds 

f Csl. \ 


ydS; p 


dh_ 

ydPj 


both of which can be evaluated for a given P and s. 
From the definition of the enthalpy, 

f dh'' 


u = h - Pv - h-P\ 


dP 


j 


Similarly, the definition of the Helmholtz function, 


a = u-Ts = h- P 


r dh ' 


v dP j 


-s 


r d}g 

yds 


while the definition of the Gibbs function gives 

f dh^ 


yds JP 


q-h-Ts-h- .v| 

All of these can be evaluated for a given P and s and the fundamental h(s,P) equation. 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



The Clapeyron Equation 


12-14 


12-21C It enables us to determine the enthalpy of vaporization from hf g at a given temperature from the P, v, T data alone. 


12-22C It is assumed that i/ tg = (/ g = RT/P, and hf g = constant for small temperature intervals. 


12-23 Using the Clapeyron equation, the enthalpy of vaporization of steam at a specified pressure is to be estimated and to 
be compared to the tabulated data. 

Analysis From the Clapeyron equation, 


h f g =Tv 


fg 


r dP^ 

V dT j sat 


= T(v 2 -v f ) 


g 7 @300 kPa 


f A P^ 

V J sa t, 300 kPa 


“ ^sat@300 kPa ( v g U f ) @300 kPa 


(325-275)kPa 


^ ^sat@325 kPa ^sat@275 kPa j 


= (133.52 + 273.15 K)(0.60582- 0.001073 m 3 /kg) 

= 2159.9 kJ/kg 


50 kPa 


(136. 27-130. 58)°C 


The tabulated value of h/ g at 300 kPa is 2163.5 kJ/kg. 


12-24 The hf g and Sj g of steam at a specified temperature are to be calculated using the Clapeyron equation and to be 
compared to the tabulated data. 

Analysis From the Clapeyron equation, 


h f g = Tv 


fg 


f dP^ 

v dT j sat 


= T(y v -v f ) 


g f 7@120°C 


= T(v e . -v f ) 


r A 

vA7’y sa t,i20 o C 

f P _ D ^ 

sat@l 25°C sat@l 1 5°C 


g ''fm 120°C 


V 


125°C-1 15°C 


J 


= (120 + 273.15 K)(0.89133- 0.001060 m 3 /kg) 

= 2206.8 kJ/kg 


^ (232.23 -169.1 8)kPa^ 
10 K 


Also, 


s fg = 


h jg_ 

T 


2206.8 kJ/kg 
(120 + 273. 15)K 


= 5.6131 kJ/kg K 


The tabulated values at 120°C are hf g = 2202.1 kJ/kg and Sf g = 5.6013 kJ/kg-K. 
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12-25E The h fg of refrigerant- 134a at a specified temperature is to be calculated using the Clapeyron equation and 

Clapeyron-Clausius equation and to be compared to the tabulated data. 

Analysis ( a ) From the Clapeyron equation, 

7 ^ ( dP ' 

hfg ~ TVfg 


\ dT j sat 


-T(y g u f)@ io°f 


U f)@ 10°F 


AT 

J sat, 10°F 

f p _ p \ 

sat@ 15°F / sat@5°F 


V 


15°F - 5°F 


/ 


= (10 + 459.67 R)(1.7345 - 0.01201 ft 3 /lbm) 


r (29.759- 23.793) psia^ 


10 R 


= 482.6 psia • ft/lbm = 89.31 Btu/lbm (0.1% error) 

since 1 Btu = 5.4039 psia-ft 3 . 

( b ) From the Clapeyron-Clausius equation, 


In 


( p) 
r 2 


f 1 

n 

UJ 

R 

sat 

u 

L J 


sat 


( 23.793 psia 'l 

h fg 

r i 

i ^ 

v 29.759 psia y 

~ 0.01946 Btu/lbm -R 

[ 15 + 459.67 R 

5 + 459.67 R J 


In 

^ 29.759 ps 

hj g = 96.04 Btu/lbm (7.6% error) 
The tabulated value of hf g at 10°F is 89.23 Btu/lbm. 
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12-26 



The enthalpy of vaporization of steam as a function of temperature using Clapeyron equation and steam data 


in EES is to be plotted. 

Analysis The enthalpy of vaporization is determined using Clapeyron equation from 


h 


fg, Clapeyron 



A P 
AT 


At 100°C, for an increment of 5°C, we obtain 

Ti = T ~T mnt = 100- 5 = 95°C 

T 2 = T + increment = 100 + 5 = 105°C 
P\ = ^ > sat@95°c = 84.61 kPa 
^2 = ^sat@ i 05 °c = 120.90 kPa 
A T = T 2 -T x = 105-95 = 10°C 
A P = P 2 -P x =120.90-84.61 = 36.29 kPa 

t/ /@ioo°c = 0.001043 m' 3 /kg 
v g@ioo°c = 1-6720 m /kg 

v fg = Vg - Vf = 1.6720-0.001043 = 1.6710 m 3 /kg 


Substituting, 

Clapeyron = ^ ^ = (100 + 273.15 K)(1.6710 m 3 /kg) 36 ; 2 n 9 ^ Pa =2262.8 kJ/kg 
A 1 1 U Is. 


The enthalpy of vaporization from steam table is 
hfg@ ioo°c = 2256.4 m 3 /kg 


The percent error in using Clapeyron equation is 

PercentError = 2262 - 8 ~ 2256A xlQQ = 0 .28% 

2256.4 


We repeat the analysis over the temperature range 10 to 200°C using EES. Below, the copy of EES solution is provided: 


"Input Data:" 

"T=100" "[C]" 

TJncrement = 5"[C]" 

T[2]=T +T_increment"[C]" 

T[1]=T-TJncrement"[C]" 

P[1] = pressure(SteamJapws,T=T[1],x=0)"[kPa]" 

P[2] = pressure(SteamJapws,T=T[2],x=0)"[kPa]" 

DELTAP = P[2]-P[1]"[kPa]" 

DELTAT = T[2]-T[1]"[C]" 

v_f=volume(Steam_iapws,T=T,x=0)"[nn A 3/kg]" 

v_g=volume(SteamJapws,T=T,x=1)"[m A 3/kg]" 

h_f=enthalpy(SteamJapws,T=T,x=0)"[kJ/kg]" 

h_g=enthalpy(SteamJapws,T=T,x=1)"[kJ/kg]" 

h_fg=h_g - h_f"[kJ/kg-K]" 
v_fg=v_g - v_f'[m A 3/kg]" 

"The Clapeyron equation (Eq. 11-22) provides a means to calculate the enthalpy of vaporization, h_fg at a given 
temperature by determining the slope of the saturation curve on a P-T diagram and the specific volume of the 
saturated liquid and satruated vapor at the temperature." 
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12-17 


h_fg_Clapeyron=(T+273.15)*v_fg*DELTAP/DELTAT*Convert(m A 3-kPa,kJ)"[kJ/kg]" 

PercentError=ABS(h_fg_Clapeyron-h_fg)/h_fg*100"[%]" 


hfg 

hfg,Clapeyron 

PercentError 

T 

[kJ/kgl 

[kJ/kgl 

r%i 

[Cl 

2477.20 

2508.09 

1.247 

10 

2429.82 

2451.09 

0.8756 

30 

2381.95 

2396.69 

0.6188 

50 

2333.04 

2343.47 

0.4469 

70 

2282.51 

2290.07 

0.3311 

90 

2229.68 

2235.25 

0.25 

110 

2173.73 

2177.86 

0.1903 

130 

2113.77 

2116.84 

0.1454 

150 

2014.17 

2016.15 

0.09829 

180 

1899.67 

1900.98 

0.06915 

210 

1765.50 

1766.38 

0.05015 

240 
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12-18 


12-27E A substance is cooled in a piston-cylinder device until it turns from saturated vapor to saturated liquid at a constant 
pressure and temperature. The boiling temperature of this substance at a different pressure is to be estimated. 

Analysis From the Clapeyron equation, 


'dP^ 
K dT j 


sat 


h 


fg 


TV 


fg 


(250 Btu) 


r 5.404 psia • ft 3 ^ 
1 Btu 


/(0.5 lbm) 


(475 R)(1.5 ft 3 )/(0.5 lbm) 


1.896 psia/R 


Using the finite difference approximation, 


f dP 'j 


( p _ p \ 
r 2 M 

v dT j 

sat 

l t 2 -tJ 


Solving for T 2 , 

T, =T t = 475 R + (60-S0)p Sla = ^ R 

dP/dT 1.896 psia/R 


Weight 



Q 


12-28E A substance is cooled in a piston-cylinder device until it turns from saturated vapor to saturated liquid at a constant 
pressure and temperature. The saturation pressure of this substance at a different temperature is to be estimated. 

Analysis From the Clapeyron equation, 


f dP^ 

v dT j sa t 


h 


(250 Btu) 


fg 


r 5.404 psia • ft 3 ^ 
1 Btu 


/(0.5 lbm) 


TV 


fg 


(475 R)( 1 . 5 ft 3 )/(0 . 5 lbm) 


= 1.896 psia/R 


Using the finite difference approximation, 


{ dP ) 



\dT ) 

sat 



Weight 



Q 


Solving for P 2 , 


P 2 =P,f 


dP 

dT 


(T 2 - T x ) = 50 psia + (1.896 psia/R)(470 - 475)R = 40.52 psia 
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12-19 


12-29E A substance is cooled in a piston-cylinder device until it turns from saturated vapor to saturated liquid at a constant 
pressure and temperature. The Sf g of this substance at the given temperature is to be estimated. 


Analysis From the Clapeyron equation, 


Weight 


r dP^ 

V dT j gat 


h 


fg 


fg 


Tv 


fg 


v 


fg 


Solving for Sf g , 


fg 


h fg (250 Btu)/(0.5 lbm) . _ ... _ 

= — = — = 1 .053 Btu/lbm R 

T 475 R 


50 psia 
15°F 
0.5 lbm 
Sat. vapor 


Alternatively, 


Q 


s f g = 


r dPf 

v dT J sa t 


v f g = (1.896 psia/R) 


1.5ft 


0.5 lbm 


1 Btu 


5.404 psia • ft 


= 1.053 Btu/lbm -R 


12-30E Saturation properties for R-134a at a specified temperature are given. The saturation pressure is to be estimated at 
two different temperatures. 

Analysis From the Clapeyron equation, 


f dP ") 

hfg 90.886 Btu/lbm 

5.404 psia • ft 3 ^ 

K dT j 

sat Tv fg (460 R)(2. 1446 ft 3 /lbm) 

l 1Btu J 


= 0.4979 psia/R 


Using the finite difference approximation, 


f dp 1 


( p - p \ 
r 2 M 

\dT ) 

sat 



sat 


Solving for P 2 at -15°F 

dP 


P 2 =P X + — (T 2 -r 1 ) = 21.185 psia + (0.4979 psia/R)(445 - 460)R = 1 3.72 psia 
dT 


Solving for P 2 at -30°F 

dP 


P 2 =P X + — (T 2 - T x ) = 21.185 psia + (0.4979 psia/R)(430 - 460)R = 6.25 psia 
dT 
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12-31E A table of properties for methyl chloride is given. The saturation pressure is to be estimated at two different 
temperatures. 

Analysis The Clapeyron equation is 


12-20 


r dP ^ 

\ dT j sat 


h 


fg 


Tv 


fg 


Using the finite difference approximation, 


h f g 


f dp 1 



K dT j 

sat 

l Ti-Tx) 


Tv fQ 

sat Jg 


Solving this for the second pressure gives for T 2 = 1 10°F 


h 


p 2 =Pi + 


fg 


Tv 


(T 2 -T x ) 


fg 

= 1 16.7 psia + 


154.85 Btu/lbm 


(560 R)(0. 86332 ft 3 /lbm) 


r 5.404 psia - ft 3 ^ 
1 Btu 


(110-100)R 


= 134.0 psia 


When 77 = 90°F 


P 2 =P X 


h 


fg 


Tv 


(T 2 ~T x ) 


fg 

= 116.7 psia 

= 99.4 psia 


154.85 Btu/lbm 


(560 R)(0. 86332 ft 3 /lbm) 


^ 5.404 psia • ft 3 ^ 
TBtu 


(90 -100)R 
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12-21 


12-32 It is to be shown that c -c _ f =T 

PiJ 


d(h fg / T) 


dT 


+ v 


fg 


y p 


r dP^ 

V^^7sat 


Analysis The definition of specific heat and Clapeyron equation are 

f csi. \ 


c p = 


dh_ 

\dT j p 


f dP^ 

\ dT J sat 


h 


fg 


Tv 


fg 


According to the definition of the enthalpy of vaporization, 

h fg h g h f 


T T T 

Differentiating this expression gives 


(dh fg IT^ 


' dh g /T ' 


' dh f IT ' 

dT , 


L dT , 


, dT 


y p 


J p 


{ Mg ] 

K 

1 

r 8h f ' 

dT 

rri 2 

n 

T 

dT 


T 


c p,g c pj h s h f 


h 


f 


y p 


T 


T T T 2 

Using Clasius-Clapeyron to replace the last term of this expression and solving for the specific heat difference gives 


c P,g c pJ ~ T 


d(h fg / T) 


dT 


+ v 


fg 


yp 


r dP_^ 
v dT j sat 
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12-22 


General Relations for du, dh, ds, c v , and c p 


12-33C Yes, through the relation 


dc 


p 


dP 


= -T 


r d 2 ^ 


ST 


dT 


s p 


12-34E The specific heat difference c p — c„ for liquid water at 1000 psia and 300°F is to be estimated. 
Analysis The specific heat difference c p - c v is given as 

'dvYfdP^ 

P,, 

T 


c — c — —T 

u p c / ± 


dT 




P ydv) 


Approximating differentials by differences about the specified state, 

A P 


c p — c„ = —T 


f AyS 2 / a n\ 


v A7’y p= i 0 00p S ia 


V A(/y r= 3 oo° F 


= -(300 + 459.67 R) 


= -(609.67 R) 


t/ 325°F U 215°Y 

(325 - 275)°F 


2p=1000psia 


r (1500 - 500)psia " 

^^lSOOpsia ^500psia y7’-3oo°F 


(0.017633 - 0.0171 5 l)ft 3 /lbirf 

f 1000 psia 

l 50R J 

v (0. 017345 - 0.017417)ft 3 /lbm y 


= 0.986 psia • ft 3 /lbm • R 
= 0.183 Btu/lbm R (1 Btu = 5.4039 psia • ft 3 ) 

Properties are obtained from Table A-7E. 
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12-23 


12-35 The volume expansivity f3 and the isothermal compressibility a of refrigerant- 134a at 200 kPa and 30°C are to be 
estimated. 

Analysis The volume expansivity and isothermal compressibility are expressed as 


p=- 

(/ 


(dv) 

, 1 



and a = 


U T) 

p ” 

[dPj 


Approximating differentials by differences about the specified state, 


1 


1 

^40°C t/ 20°C 

1/ 

Ur J 

P=200kPa V 

, (40-20)°C y 


1 


0.11874 m 3 /kg 


3 « ^ 


(0. 12322 -0.1 141 8)m /kg 
20K 


= 0.00381 K 1 


and 


a = 


1 


1 

^ (/ 240kPa ^180kPa 

U 

J ~Pj 

r=30°c v 

v (240 -180)kPa y 


/r= 30 °c 


1 


0.1 1874 m 3 /kg 


(0.098 12 - 0. 13248)m 3 /kg 
60 kPa 


\ 


= 0.00482 kPa 1 
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12-24 


12-36 The internal energy change of air between two specified states is to be compared for two equations of states. 
Assumptions Constant specific heats for air can be used. 

Properties For air at the average temperature (20+300)/2=160 o C=433 K, c„= 0.731 kJ/kg-K (Table A-2 b). 
Analysis Solving the equation of state for P gives 
p. RT 

V- Cl 


Then, 


r dP ' 
v8Tj„ 


R 


t /-a 

Using equation 12-29, 


du = c w dT + 


T 


r sp^ 

y~ST, 


-P 


\dv 


Substituting, 


du = c„dT + 


RT RT 


t /-a i/ - a 


\dv 


= c {/ dT 

Integrating this result between the two states with constant specific heats gives 
u 2 -u x = c„ (T 2 -T x ) = (0.73 1 kJ/kg • K)(300 - 20)K = 205 kJ/kg 

The ideal gas model for the air gives 
du = c„dT 

which gives the same answer. 
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12-25 


12-37 The enthalpy change of air between two specified states is to be compared for two equations of states. 
Assumptions Constant specific heats for air can be used. 

Properties For air at the average temperature (20+300)/2=160°C=433 K ,c p = 1.018 kJ/kg-K (Table A-2 b). 
Analysis Solving the equation of state for i/ gives 
RT 

v = + a 

P 


Then, 




R 

P 


Using equation 12-35, 


dh = c p dT + 



r 


v-T 



U Tj 

P _ 


dP 


Substituting, 


dh = c p dT + 


RT 

P 


T- a 


RT 


dP 


= CpdT -\-adP 


Integrating this result between the two states with constant specific heats gives 


h 2 h x - c p (T 2 T x ) + a(P 2 Tj ) 

= (1.018 kJ/kg • K)(300 - 20)K + (0.01 m 3 /kg)(600 - 100)kPa 

= 290.0 kJ/kg 


For an ideal gas, 

dh = CpdT 

which when integrated gives 

h 2 -h x =c p (T 2 - 7\ ) = ( 1 .0 1 8 kJ/kg -K)(300-20)K = 285.0 kJ/kg 
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12-26 


12-38 The entropy change of air between two specified states is to be compared for two equations of states. 

Assumptions Constant specific heats for air can be used. 

Properties For air at the average temperature (20+300)/2=160°C=433 K, c p = 1.018 kJ/kg-K (Table A-2 b) and R = 0.287 
kJ/kg-K (Table A-l). 

Analysis Solving the equation of state for i/ gives 
RT 


v = 


P 


+ a 


Then, 


K dTj 


R 

P 


The entropy differential is 


ds-c 


dT 




P 

dT 


\8T j p 


dP 


= c 


R 


dP 


p T P 

which is the same as that of an ideal gas. Integrating this result between the two states with constant specific heats gives 


Si -Si = c p In 


T- 


T 


R In 


Pi 

P 


= (1.018 kJ/kg • K)ln - (0.287 kJ/kg • K)ln 6 °° ^ 


293 K 


100 kPa 


= 0.1686 kJ/kg K 
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12-27 

12-39 The internal energy change of helium between two specified states is to be compared for two equations of states. 
Properties For helium, c u = 3.1 156 kJ/kg-K (Table A-2a). 

Analysis Solving the equation of state for P gives 

P . RT 
v - a 


Then, 


r dP ' 
yST^ 


R 


v-a 

Using equation 12-29, 


du = c„dT + 


T 


r 8P 
ydTj v 


-P 


\dv 


Substituting, 


du = c v dT + 


RT RT 


v- a v - a 


\d v 


= c„dT 

Integrating this result between the two states gives 

u 2 -u x =c„(T 2 -T x ) = (3.1156kJ/kg-K)(300-20)K = 872.4 kJ/kg 
The ideal gas model for the helium gives 
du = c„dT 

which gives the same answer. 
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12-40 The enthalpy change of helium between two specified states is to be compared for two equations of states. 
Properties For helium, c p = 5.1926 kJ/kg-K (Table A-2 a). 

Analysis Solving the equation of state for u gives 


12-28 


RT 

v = + a 

P 


Then, 


r 

\8Typ 


R 

P 


Using equation 12-35, 


dh = c p dT + 





t t-T 



U Tj 

P _ 


dP 


Substituting, 


dh = c p dT + 


RT 

P 


T- a 


RT 

P 


dP 


= c p dT + adP 


Integrating this result between the two states gives 


h 2 h x - c p (T 2 T x ) + a(P 2 P x ) 

= (5.1926 kJ/kg • K)(300 - 20)K + (0.01 m 3 /kg)(600 - 100)kPa 

= 1 459 kJ/kg 


For an ideal gas, 

dh = c p dT 

which when integrated gives 

h 2 -h x =c p (T 2 - T x ) = (5. 1 926 kJ/kg • K)(300 - 20)K = 1454 kJ/kg 
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12-41 The entropy change of helium between two specified states is to be compared for two equations of states. 
Properties For helium, c p = 5.1926 kJ/kg-K and R = 2.0769 kJ/kg-K (Table A-2 a). 

Analysis Solving the equation of state for i/ gives 


12-29 


RT 

v = + a 

P 


Then, 

'5c/"j _R 

Jyfjp'p 


The entropy differential is 

dT (d v' 


ds = c 


p j' 

dT 


= c 


p 


T 


R 


dT 

dP 


dP 


J p 


P 


which is the same as that of an ideal gas. Integrating this result between the two states gives 


S2~S\ 


c p In — 

p T x 


R In Pl 


P, 


(5.1 926 kJ/kg • K)ln 

-0.2386 kJ/kg K 


573 K 
293 K 


(2.0769 kJ/kg K)ln 


600 kPa 
100 kPa 
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12-30 


12-42 General expressions for A u, Ah, and As for a gas whose equation of state is P(v-a) = RT for an isothermal process are 
to be derived. 

Analysis {a) A relation for A u is obtained from the general relation 


Au =u 2 ~u x — 


C T 2 fV 2 

= L dT+ \ 

J7 i 


( dP^ 

T — -P 

j 


dv 


The equation of state for the specified gas can be expressed as 


P = 


RT 


c /-a 


r 8P' s 


ydTy 


R 


t /-a 


Thus, 


T 


r dP^ 




-P = 


RT 


Substituting, 


v - a 

•r. 


P=P-P = 0 


An = f c w dT 
Jr, 


(b) A relation for Ah is obtained from the general relation 


rT pA 

Ah - h 2 - h x - J c P dT + J i/ 


-T 


\cJT j p j 


dP 


The equation of state for the specified gas can be expressed as 


RT 

v = + a 

P 


f dv A 


\dT j P 


R 

P 


Thus, 

i /-T 

Substituting, 




\dT j p 


T R ( \ 

= i/-T — = {/-({/- a) = a 

P 


T P T 

A/z = j* + J adP - J* c p dT + a(P 2 - P { ) 


(c) A relation for As 1 is obtained from the general relation 


■ o-[ 


As = Si -s* = 

2 1 Jr, T 

Substituting ( dv/dT) P = R/T, 

■Ti C „ rP 2 ( R ' 


Pf dv 


8 \dT 


dP 


J p 


pi c t p 2 R\ pc 

As = -?-dT-\ — dP=\ —dT-R\n 

Jr, T J/? \P) P Jr, T 


Ei 

p 


For an isothermal process dT= 0 and these relations reduce to 


A u = 0, Ah = a(P 2 - P\ ), and As = -^ln 


Ei 

p 
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12-31 


12-43 General expressions for (< du/dP) T and (dh/du) T in terms of P, u, and T only are to be derived. 
Analysis The general relation for d u is 


du = c,,dT + 


f T ( dP A 


v yST yv 


~P 


d u 


Differentiating each term in this equation with respect to P at T = constant yields 


( du^ 
kOPJt 


= 0 + 


( J dP} 

V U T Jv 


~P 


du 

K ~dPj 


= T 


r dP A 


T 


v dT j 


f du x 


V dP y 


-p 


r du' x 


T 


V dP y 


T 


Using the properties P, T ' c/, the cyclic relation can be expressed as 


r dP A 


\dT j „ 


r dT A 


du 


f du^ 


j 

Substituting, we get 


p v dP j 


= -l 


T 


r op] 


(dv) 


( dv \ 

UU 

V 

{ dP) 

T 

UU 


P 


r du\ _ ( 


ydP 


\dT j P 


-P 


' du ' 


\dP j T 


The general relation for d h is 


dh - c p dT + 


u-T 


r du^ ^ 


\dT j P j 


dP 


Differentiating each term in this equation with respect to c/at T= constant yields 


r dh^ 

\du j T 


= 0 + 


u-T 


r du^ 


\dT j p j 


r dP ^ 


\du j T 


- u 


r dP^ t ( du ^ 

K du) T 


KdTj 


r dP ^ 


du 


p\vv J t 


Using the properties u ; 7, P , the cyclic relation can be expressed as 

= -l 




(ST) 


f 

U T) 

p 

U p) 

V 

UU 


fd v) 


f dP) 


f dT ) 

Ur J 

P 

UU 

T 

uu 


Substituting, we get 


f dh) 

= u 

( dP) 

+ T 

f dT ) 

UU 

T 

UU 

T 

UU 
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12-32 



f dP] 


f dV 1 

C n ~ C U = T 




p V 

[dT) 

1/ 



Analysis We begin by taking the entropy to be a function of specific volume and temperature. The differential of the 
entropy is then 


ds = 




ydTy v 


dT + 


r ds'' 


\dvj 


dv 


T 


Substituting 


'ds' 


ydTy, 


^ it 

= — from Eq. 12-28 and the third Maxwell equation changes this to 


ds = — dT + 
T 


f SP ^ 


ydTy, 


dv 


Taking the entropy to be a function of pressure and temperature. 


ds = 


f ds ^ 


ydTy 


dT + 


f ds^ 


p 


ydPj 


dP 


T 


Combining this result with 


f ds^ 


ydTy 


P 


T 


from Eq. 12-34 and the fourth Maxwell equation produces 


ds = -t—dT- 
T 




ydTy 


dP 


P 


Equating the two previous ds expressions and solving the result for the specific heat difference, 


{c p -c v )dT = T 




ydTyp 


dp+ 


r dP'' 


ydTy 


dv 


Taking the pressure to be a function of temperature and volume, 


dP = 


r dP A 


ydTy v 


dT + 


r dP A 


ydVy 


dv 


T 


When this is substituted into the previous expression, the result is 


(Cp -c v )dT = T 


r dv ' 


ydTy 


r dP^ 


p yTT y v 


dT + T 


r dv N 


ydTy p 


r dP A 


ydvy 


f dP^ 

T ydT J v 


dv 


According to the cyclic relation, the term in the bracket is zero. Then, canceling the common dT term, 


c — c — T 


f dP) 



UrJ 

i/ 

UrJ 


p 
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12-33 


12-45 It is to be proven that the definition for temperature T = ( du / ds ) v reduces the net entropy change of two constant- 
volume systems filled with simple compressible substances to zero as the two systems approach thermal equilibrium. 

Analysis The two constant-volume systems form an isolated system shown here 

For the isolated system 


dS tot = dS A +dS B > 0 


Assume S = S(u,v) 
Then, 

f ds A 

ds = 


du 


du + 


r ds ^ 

V 0l/y 


^ l JIA J 

Since u = const, and du = 0 , 

r ds ^ 


du 


{/a =const. 


T 


A 


i/ B =const. 


Ti 


B 


ds = 


K du j 


du 


and from the definition of temperature from the problem statement, 
du du 


(du!ds) v T 


Then, 


dS to, =m 


A 


du a du d 

— +m B — 


T 


T, 


A J B 

The first law applied to the isolated system yields 


£ in - £ out =dU 

0 = dU 


->m A du a +m ndu n = 0 


->m B du B =-m A du A 


Now, the entropy change may be expressed as 


dS tot = m A du 


A U,U A 


1 1 


\?A 


T 


= m A du A 


B J 


' t b -t a ' 

\ T a T b j 


As the two systems approach thermal equilibrium, 


lim dS tot = 0 
T a t b 


Isolated 

system 

boundary 
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12-34 


12-46 An expression for the volume expansivity of a substance whose equation of state is P{ v - a) 
Analysis Solving the equation of state for v gives 


RT 

v = + a 

P 


The specific volume derivative is then 




\dT Jp 


R 

P 


The definition for volume expansivity is 


p = i /a„' 


t/ 


\dT j p 


Combining these two equations gives 
R 


P = 


RT + aP 


12-47 An expression for the specific heat difference of a substance whose equation of state is P(v - 
derived. 

Analysis The specific heat difference is expressed by 

dP 


c — c — — T 

L ' p c (/ J 


r dv ^ 2 r 


dT 


du 


J p\w j T 

Solving the equation of state for specific volume, 
RT 


v = 


P 


+ Cl 


The specific volume derivatives are then 




RT 


r dP ^ 


ydPj 


T 


P 


V dl/y 


P 


T 


RT 


\dT j p 


R 

P 


Substituting, 


C p ~ C v=~ T 




p 


2 ^ 


RT 


= -T 


f r 2 ^ 


P 2 

J 


P 


2 T 


V 


RT 


= R 


= RT is to be derived. 


a) = RT is to be 
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12-35 


12-48 An expression for the isothermal compressibility of a substance whose equation of state is P(y — a) = RT is to be 
derived. 

Analysis The definition for the isothermal compressibility is 


1 

a = 

(/ 


ac/ 


T 


Solving the equation of state for specific volume, 
RT 


v = 


P 


+ Cl 


The specific volume derivative is then 




\dP j T 


RT 
P 2 


Substituting these into the isothermal compressibility equation gives 
RT( P \ RT 


a - 


P 


RT + aP 


P(RT + aP) 


12-49 An expression for the isothermal compressibility of a substance whose equation of state is P 


is to be derived. 

Analysis The definition for the isothermal compressibility is 


1 ( 

a = — 

V\dP; T 


RT a 

v-b v(v + b)T 112 


The derivative is 


dP 


' j 

Substituting, 


RT 


T 


+ 


a 


2v + b 


(i/-a) 2 T 112 v 2 {v + b) 2 


1 

a = — 

i/ 


v dP j j 


(/ 


RT 


a 


2 v + b 


(</-a ) 2 + r 1/2 c/ 2 (c/ + a ) 2 


l 

RTv a 2 v + b 

(c '-b) 2 + T 1 ' 2 (I / + z>) 2 
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12-50 An expression for the volume expansivity of a substance whose equation of state is P 
derived. 

Analysis The definition for volume expansivity is 


V 


ydT y 


P 


According to the cyclic relation, 


fd v) 


f SP] 



UrJ 

P 


T 

UpJ 


= -l 


which on rearrangement becomes 

^ csn \ 
p 


dT 




ap 

kSTj 
r dP' 


ydVj T 


Proceeding to perform the differentiations gives 


and 


r sp'' 

R 

a 



U Tj 

„ v~ b 2v( 

v + b)T v 2 


fcP] 

RT 

— i 

a 

1 

1 


T (V-b ) 2 

bT v 2 

</ 2 

( v + b ) 2 


RT 


a 


2i / + b 


(v-b) 2 T 112 v 2 (v + b) 2 

Substituting these results into the definition of the volume expansivity produces 


R 


a 


p= 


1 v-b 2 v(v + b)T 


3/2 


v 


-RT 


a 


2v + b 


(v-b) 2 T 1/2 v 2 (v + b) 2 


RT a 

v-b i/(i , + b)T u 


is to be 
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12-51 An expression for the volume expansivity of a substance whose equation of state is P = 


RT 

V-b 


v 


Analysis The definition for volume expansivity is 


p-i 

v 




yST y 


P 


According to the cyclic relation, 


fd v) 


( dP] 


f dT ) 

UrJ 

P 

U v ) 

T 



= -l 


which on rearrangement becomes 

/ a. 


dv_ 

\dT j p 


ySTy v 

'dP' 

ydVy T 


Proceeding to perform the differentiations gives 


r dP^ 


ydTj 


R 


a 


v-b v l T 


2 'T' 2 


and 


r dP ' 
\d‘ ' j T 


RT 


2 a 


(v-b ) 1 t/ 3 r 


Substituting these results into the definition of the volume expansivity produces 


R 


a 


P = 


1 v-b v 2 T 2 


v 


-RT 


2 a 


(v-b) 1 v^T 


- — is to be derived. 
-T 
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12-52 It is to be shown that ft = a 


r dP ' 


\dT ; 

Analysis The definition for the volume expansivity is 


v 


dv 

ydTyp 


The definition for the isothermal compressibility is 

1 ( 


a = 

(/ 


ydP j T 


According to the cyclic relation, 

f cs.. \ f f ^ r r\ 


ai/ 

\VT j 


p 


dp_ 


dT 

T V dP j y 


= -l 


which on rearrangement becomes 






f dP 1 

UrJ 

P 

l dP) 

T 

UrJ 


When this is substituted into the definition of the volume expansivity, the result is 


1 

(dv) 


f dP ) 

1/ 

UrJ 

T 

UrJ 


= -a 


r dP^ 
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12-53 It is to be demonstrated that k = 


p 


{AX 


c v (di f!dP) s ' 


Analysis The relations for entropy differential are 


ds = c, 


ds = c 


dT 


T 

dT 


r aP_' 

f Cs..\ 


dv 


T 


du_ 

\dT y p 


dP 


For fixed 5 , these basic equations reduce to 


dT_ 

T 

dT 


r dP^ 


K 3Ty 


f o \ 


01 / 


p ^ 

Also, when s is fixed, 
du f dt/ A 


\dT y p 


dv 


dP 


dP 


xdPj 


Forming the specific heat ratio from these expressions gives 

fdT^ 


k = 


ydTy 


p v dP j c/ 




dp 


A 

The cyclic relation is 




\dT y p 


r dP ^ 


K dUy T 


r dT A 


\dP y v 


= -l 


Solving this for the numerator of the specific heat ratio expression and substituting the result into this numerator produces 

'dv' 


k = 


ydP j T va 


'ftp 

\dPy 


'ftP 

[dP; 
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t/ T T T 

12-54 The Helmholtz function of a substance has the form a = -RT In cT n 1 1 In — . It is to be shown how 

rri rri rri 

V 1 o 1 o J o 

to obtain P, h, s, and c p from this expression. 

Analysis Taking the Helmholtz function to be a function of temperature and specific volume yields 


daJ^L] 0+ *} dv 


while the applicable Helmholtz equation is 
da = -Pdv - sdT 

Equating the coefficients of the two results produces 


P = - 


s = - 


Taking the indicated partial derivatives of the Helmholtz function given in the problem statement reduces these expressions 
to 


(/ T 

s = R In b c In — 


The definition of the enthalpy (h = u + P 0) and Helmholtz function ( a = u—Ts) may be combined to give 
h=u +Pv 


= a + Ts + Pv 


= a-T 


v T T T v T 

= -RT In cT () 1 1 In — + RT In cT In b RT 

i q 1 o -* 0 


= cTn +cT + RT 


f ds \ c 

According to — = — given in the text (Eq. 12-28), 

dT T 


c„ =T 


-T — -c 
T 


The preceding expression for the temperature indicates that the equation of state for the substance is the same as that of an 
ideal gas. Then, 


c p = R + c v =R + c 
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The Joule-Thomson Coefficient 


12-55C It represents the variation of temperature with pressure during a throttling process. 


12-56C The line that passes through the peak points of the constant enthalpy lines on a T-P diagram is called the inversion 
line. The maximum inversion temperature is the highest temperature a fluid can be cooled by throttling. 


12-57C No. The temperature may even increase as a result of throttling. 


12-58C Yes. 


12-59C No. Helium is an ideal gas and h = h(T) for ideal gases. Therefore, the temperature of an ideal gas remains 
constant during a throttling ( h = constant) process. 


12-60E 


The Joule-Thompson coefficient of nitrogen at two states is to be estimated. 


Analysis ( a ) The enthalpy of nitrogen at 120 psia and 350 R is, from EES, h = 84.88 Btu/lbm. Approximating differentials 
by differences about the specified state, the Joule-Thomson coefficient is expressed as 


M = 


'dr' 


<1 


h 

lAPj 


/?=84.88 Btu/lbm 


Considering a throttling process from 130 psia to 1 10 psia at h = 84.88 Btu/lbm, the Joule-Thomson coefficient is 
determined to be 


A* 


^ (110-130) 




(349.40- 350.60) R 
(110 -130) psia 


= 0.0599 R/psia 


(Z?) The enthalpy of nitrogen at 1200 psia and 700 R is, from EES, h = 170.14 Btu/lbm. Approximating differentials by 
differences about the specified state, the Joule-Thomson coefficient is expressed as 


M = 


r 

dP 


h 


'A T_' 

vA P, 


/?=170.14Btu/lbm 


Considering a throttling process from 1210 psia to 1190 psia at/z = 170.14 Btu/lbm, the Joule-Thomson coefficient is 
determined to be 


M = 


^11 90 psia ^1210 psia 

v (1190 -1210) psia 


\ 


y 


h=\ 70. 14 Btu/lbm 


(699.91- 700.09) R 
(1190-1210) psia 


= 0.00929 R/psia 
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12-61E 



Problem 12-60E is reconsidered. The Joule-Thompson coefficient for nitrogen over the pressure range 100 


to 1500 psia at the enthalpy values 100, 175, and 225 Btu/lbm is to be plotted. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


Gas$ = 'Nitrogen' 

{P_ref=1 20 [psia] 

T_ref=350 [R] 

P= P_ref} 
h=1 00 [Btu/lbm] 

[h=enthalpy(Gas$, T=T_ref, P=P_ref)} 
dP = 10 [psia] 

T = temperature(Gas$, P=P, h=h) 

P[1] = P + dP 
P[2] = P - dP 

T[1] = temperature(Gas$, P=P[1], h=h) 

T[2] = temperature(Gas$, P=P[2], h=h) 

Mu = DELTAT/DELTAP "Approximate the differential by differences about the state at h=const." 
DELTAT=T[2]-T[1] 

DELTAP=P[2]-P[1] 


h = 225 

Itu/lbm 

P [psia] 

p [R/psia] 

100 

0.004573 

275 

0.00417 

450 

0.003781 

625 

0.003405 

800 

0.003041 

975 

0.002688 

1150 

0.002347 

1325 

0.002015 

1500 

0.001694 



12-62 Steam is throttled slightly from 1 MPa and 300°C. It is to be determined if the temperature of the steam will increase, 
decrease, or remain the same during this process. 

Analysis The enthalpy of steam at 1 MPa and T= 300°C is h = 3051.6 kJ/kg. Now consider a throttling process from this 
state to 0.8 MPa, which is the next lowest pressure listed in the tables. The temperature of the steam at the end of this 
throttling process will be 

P = 0.8 MPa ] 

\T 2 = 297.52°C 
A = 305 1.6 kJ/kg J 2 

Therefore, the temperature will decrease. 
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12-63E The Joule-Thomson coefficient of refrigerant- 134a at a given state is to be estimated. 
Analysis The Joule-Thomson coefficient is defined as 

( dT \ 

We use a finite difference approximation as 

(at constant enthalpy) 

call it state 1), the enthalpy of R- 134a is 
> h x = 1 13.79 Btu/lbm (TableA-13E) 


M = 


7Wj 

P2-P1 


At the given state (we 

P x = 40 psia 
T x = 60°F 


The second state will be selected for a pressure of 30 psia. At this pressure and the same enthalpy, we have 


P 2 =30 psia 

h 2 =h x =1 13.79 kJ/kg 


> T 2 = 56.78°F (Table A - 13E) 


Substituting, 


T 2 -T x _ (56.78 - 60)R 
P 2 -P x (30-40)psia 


0.322 R/psia 


12-43 


12-64 The Joule-Thomson coefficient of refrigerant- 134a at a given state is to be estimated. 
Analysis The Joule-Thomson coefficient is defined as 


P = 




We use a finite difference approximation as 
P = 


T 2 -T x 

— (at constant enthalpy) 


Pi -Pi 


At the given state (we call it state 1), the enthalpy of R- 134a is 
P x = 200 kPa ' 


r, = 90°c 


h x = 333.93 kJ/kg (Table A - 13) 


The second state will be selected for a pressure of 180 kPa. At this pressure and the same enthalpy, we have 
P 2 = 180kPa 


h 2 =h x =333.93 kJ/kg 


T 2 = 89.78°C (Table A -13) 


Substituting, 


P = 


Ti-T i 
Pi ~Pi 


(89.78 -90)K 
(180 - 200)kPa 


= 0.0110 K/kPa 
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^ y y l)P 

12-65 The equation of state of a gas is given by i/ = — . An equation for the Joule-Thomson coefficient inversion 


P T 


line using this equation is to be derived. 
Analysis From Eq. 12-52 of the text, 


1 

c p = “ 

E 


T 


dv 

\ST j 


- V 


p 


When p = 0 as it does on the inversion line, this equation becomes 

' d v' 


T 


y dT; p 


= </ 


Using the equation of state to evaluate the partial derivative, 


dv 

~dT 


yp 


= — + 
p r 3 


Substituting this result into the previous expression produces 

RT „ bP RT bP ,bP n 
+ 2 — - = >3 — - = 0 


P T L p p 2 p 2. 

The condition along the inversion line is then 


P = 0 


12-66 It is to be demonstrated that the Joule-Thomson coefficient is given by ju = 


T 


d(v IT) 


p V 


dT 


J P 


Analysis From Eq. 12-52 of the text, 


1 

=- 

E 


T 


( 

ydT)p 


- V 


Expanding the partial derivative of v/T produces 


(dv/p 

_ 1 

(d *0 

V 

l dT ) 

p~T 

[dT J 

p T 2 


When this is multiplied by T 2 , the right-hand side becomes the same as the bracketed quantity above. Then, 


M = 


T 


d{v!T) 


P 


dT 


p 
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12-67 The most general equation of state for which the Joule-Thomson coefficient is always zero is to be determined. 
Analysis From Eq. 12-52 of the text, 


1 

T 

r 

- V 

F 


l dTj 

p 


When p = 0, this equation becomes 
T T) p ~T 

This can only be satisfied by an equation of state of the form 

Y=f(n 

where j(P) is an arbitrary function of the pressure. 
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The dh , du, and ds of Real Gases 


12-68C It is the variation of enthalpy with pressure at a fixed temperature. 


12-69C As P R approaches zero, the gas approaches ideal gas behavior. As a result, the deviation from ideal gas behavior 
diminishes. 


12-70C So that a single chart can be used for all gases instead of a single particular gas. 


12-71 The errors involved in the enthalpy and internal energy of CO 2 at 350 K and 10 MPa if it is assumed to be an ideal 
gas are to be determined. 

Analysis ( a ) The enthalpy departure of CO 2 at the specified state is determined from the generalized chart to be (Fig. A-29) 


Tr = 


T 350 


and 


T, 


Pr = 


cr 

P 


304.2 

10 


= 1.151 


TL 7.39 


= 1.353 


cr 


*z h = 


(^ideal ^)t,P 


cr 


= 1.5 


Thus, 


and, 


h =/z ideal ~Z h R u T cr = 11,351 -[(1.5X8.314X304.2)] = 7, 557kJ/kmol 


Error - __ 


h 


7,557 



(b) At the calculated T R and P R the compressibility factor is determined from the compressibility chart to be Z = 0.65. 
Then using the definition of enthalpy, the internal energy is determined to be 


u 


= h -Pv= h -ZR U T = 7557 -[(0.65)(8. 3 14^350)] = 5,666kJ/kmol 


and, 


Error - 5^ = ^39^666 _ 


u 


5,666 
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12-72 The enthalpy and entropy changes of nitrogen during a process are to be determined assuming ideal gas behavior and 
using generalized charts. 

Analysis (a) Using data from the ideal gas property table of nitrogen (Table A- 18), 

(h 2 - h x ) ideal ~ ^ 2 , ideal “ ^i, ideal “ 9306 - 6,537 = 2769 kj/kmol 
and 

(s 2 — ^ ) ideal =s° 2 -sl -R u In — = 193.562-183.289-8.3 14 x In — = 4,510 kj/kmol- K 

p \ 6 


(b) The enthalpy and entropy departures of nitrogen at the specified states are determined from the generalized charts to be 
(Figs. A-29, A-30) 


and 


Tm = 


Pr\ ~ 


r, 


225 


Tr2 ~ 


Pr.2 ~ 


T c r 

126.2 " 

P \ 

6 

Per 

3.39 

T 2 

320 

Per 

126.2 

_ Pi 

12 


P cr 3.39 


: 1.783 
1.770 


: 2.536 
2.540 


» Z hl = 0.6 and Z sX = 0.25 


> Z h2 = 0.4 and Z s2 =0.15 


Substituting, 

h 2 ~h x = R u T cr (Z hx - Z h2 ) + (h 2 -/?i) ideal 
= (8.3 14)(l26.2)(0.6- 0.4) + 2769 

= 2979 kj/kmol 


S 2 S x -R u (Z sX Z s2 ) + (S 2 •S' l ) ideal 

= (8.3 14X0.25 -0.15)+ 4.5 10 

= 5.341 kj/kmol K 
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12-73E The enthalpy and entropy changes of water vapor during a change of state are to be determined using the departure 
charts and the property tables. 

Properties The properties of water are (Table A- IE) 

M =18.015 lbm/lbmol, T cv = 1164.8 R, P CT =3200psia 

Analysis (a) The pressure of water vapor during this process is 
P\ = ^sat @ 500 °f = 680.56 psia 


Using data from the ideal gas property table of water vapor (Table A-23), 

(>h - ) ideal = h 2, ideal “ \ideal = 12,178.8 - 7738.0 = 4440.8 Btu/lbmol 

and 

(s 2 -.s,) ideal = .S' 2 - .s, - R„ In — = 53.556 - 49.843 - 0 = 3.713 Btu/lbmol • R 

P 1 

The enthalpy and entropy departures of water vapor at the specified states are determined from the generalized charts to be 
(Figs. A-29, A-30 or from EES) 


Tri = 


r, 


960 


r cr 1164.8 


= 0.824 


and 


A= 68056 =Q213 
P cr 3200 


T r a =P= 1460 =1.253 
T a 1164.8 


> Z M = 0.340 and Z r , = 0.277 


S 1 


n P 2 680.56 

P R7 = ^ = 

P cr 3200 


= 0.213 


->Z h2 =0.157 and Z s2 =0.0903 


The enthalpy and entropy changes per mole basis are 

h 2 -h { = (h 2 -h x ) id e ai -R u T CY (Z h2 ~Z hx ) 

= 4440.8 - (1.9858)(1 164.8)(0.157 - 0.340) = 4864kJ/kmol 


^2 ^1 — (^2 ^1 ) ideal s2 ^ si ) 

= 3.713 - (1.9858)(0.0903 - 0.277) = 4.084 Btu/lbmol • R 
The enthalpy and entropy changes per mass basis are 


h~> -h\ = 


S 2 - 


h 2 - h x 4864 Btu/lbmol 


M 

s 2 ~s x 


18.015 lbm/lbmol 
4.084 Btu/lbmol -K 


M 18.015 lbm/lbmol 
(b) The inlet and exit state properties of water are 


= 270.0 Btu/lbm 
= 0.2267 Btu/lbm R 


T x = 500°F 


A'! = 1 


h x = 1202.3 Btu/lbm 
s x = 1 .4334 Btu/lbm • R 


(Table A-4E) 


P 2 = 680.56 psial h 2 = 1515.7 Btu/lbm 
T 2 = 1000°F j s 2 = 1 .7008 Btu/lbm • R 


(from EES) 


The enthalpy and entropy changes are 

h 2 -h x =1515.7-1202.3 = 313.4 Btu/lbm 
s 2 -s { =1.7008-1.4334 = 0.2674 Btu/lbm R 
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12-74E The enthalpy and entropy changes of water vapor during a change of state are to be determined using the departure 
charts and the property tables. 

Properties The properties of water are (Table A- IE) 

M =18.015 lbm/lbmol, T cv = 1 164.8 R, P CT = 3200 psia 

Analysis ( a ) Using data from the ideal gas property table of water vapor (Table A-23E), 

Oh A ) ideal =^>.idp a i ~h i.ih-si - 12,178.8-17,032.5 = -4853.7 Btu/lbmol 
and 

(s 2 -5!) ideal =52 -.S' I -R u In — = 53.556- 56.41 1-1.9858 x In 1222 = -0.6734 Btii/lbmol- R 

P, 3000 


The enthalpy and entropy departures of water vapor at the specified states are determined from the generalized charts to be 
(Figs. A-29, A-30 or from EES) 


and 


T x _ 1960 
r cr ~ 1164.8 

Pi 3000 
P cr ~~ 3200 “ 

T 2 _ 1460 
T cv ~ 1164.8 
P 2 _ 1000 
P cr ~ 3200 " 


= 1.683 
0.9375 


= 1.253 
0.3125 


» Z hx =0.387 and Z sX =0.188 


» Z h2 = 0.233 and Z s2 =0.134 


The enthalpy and entropy changes per mole basis are 

^2 ~^\ = (^2 “ K ) ideal “ ^ u ^cr h2 ~ Z hi ) 

= -4853.7 - (1 .9858)(1 164.8)(0.233 - 0.387) = -4497.5 Btu/lbmol 

^2 _ ^1 = (^2 _ ^1 ) ideal _ ^ u s2 ~ % s\ ) 

= -0.6734 - (1 .9858)(0. 134-0.188) = -0.5662 Btu/lbmol • R 


The enthalpy and entropy changes per mass basis are 


h 2 -h x 
s 2 — s x 


h 2 -h x 

M 

$2 ~^1 
M 


- 4497.5 Btu/lbmol 0 _ n _ D . ... 

= -249.7 Btu/lbm 

18.015 lbm/lbmol 


-0.5662 Btu/lbmol R 
18.015 lbm/lbmol 


= -0.0314 Btu/lbm R 


(i b ) Using water tables (Table A-6E) 


P x =3000 psia 1 h x = 1764.6 Btu/lbm 
T x = 1500°F J s x =1.6883 Btu/lbm- R 


P 2 = 1000 psia 1 h 2 = 1506.2 Btu/lbm 
r 2 =1000°F J s 2 = 1.6535 Btu/lbm- R 

The enthalpy and entropy changes are 

h 2 -h x =1506.2-1764.6 = -258.4 Btu/lbm 
s 2 -s x = 1.6535-1.6883 = -0.0348 Btu/lbm R 
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12-75 The enthalpy and entropy changes of water vapor during a change of state are to be determined using the departure 
charts and the property tables. 

Properties The properties of water are (Table A-l) 

M = 18.015 kg/kmol, T cr = 647. IK, P CT = 22.06 MPa 

Analysis Using data from the ideal gas property table of water vapor (Table A-23), 

Oh — ) ideal = ^2, ideal ~ Videal = 23,082-30,754 = -7672 kj/kmol 


and 


P 2 ^ o t i a . . 500_ _ _ 4 _2052 kJ/kmol • K 


(J 2 — ^1 ) ideal = s° 2 - s° { - R u In = 21 7. 14 1 - 227. 109 - 8.3 14 x In 


P, 


1000 


The enthalpy and entropy departures of water vapor at the specified states are determined from the generalized charts to be 
(Figs. A-29, A-30 or from EES) 


Tr i = 


Pr\ ~ 


and 


T R2 ~ 


Pr2 


P\ 

873 

T a 

” 647.1 

Pi 

1 

Per 

~ 22.06 

T 2 

673 

Per 

” 647.1 

P 2 

0.5 


= 1 .349 
- 0.0453 


>Z hx =0.0288 and Z., =0.0157 


si 


P cr 22.06 


= 1.040 
= 0.0227 


-> Z h 2 =0.0223 and Z s2 =0.0146 


The enthalpy and entropy changes per mole basis are 

^2 ~ \ = ( h 2 -h x ) ideal - R u T cv (Z h2 ~Z hl ) 

= -7672 - (8.3 14)(647. 1)(0.0223 - 0.0288) = -7637 kJ/kmol 

^2 “ ^1 = ($2 “ ^1 ) ideal “ ^ u s2 ~ ^ si ) 

= -4.2052 - (8.3 14)(0.0 146 - 0.0157) = -4. 196 1 kJ/kmol • K 
The enthalpy and entropy changes per mass basis are 

h 2 -h x - 7637 kJ/kmol 


h 2 - hi = 


So S i — 


M 18.015 kg/kmol 
T 2 - s x - 4. 1961 kJ/kmol -K 


423.9 kJ/kg 

= 0.2329 kJ/kg K 


M 18.015 kg/kmol 
The inlet and exit state properties of water vapor from Table A-6 are 


P x = 1000 kPa 
T x = 600°C 


h x =3698.6 kJ/kg 
s x = 8.0311 kJ/kg -K 


P 2 = 500 kPa 1 h 2 = 3272.4 kJ/kg 
T 2 = 400°C J s 2 = 7.7956 kJ/kg • K 

The enthalpy and entropy changes are 

h 2 -h x =3272.4-3698.6 = -426.2 kJ/kg 
s 2 — > s' 1 = 7.7956-8.0311 = -0.2355 kJ/kg K 
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12-76 Methane is compressed adiabatically by a steady-flow compressor. The required power input to the compressor is to 
be determined using the generalized charts. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis The steady-flow energy balance equation for this compressor can be expressed as 


E - E ~ A E (steady) _ q 

^ in ^ out _ LXLj system — 

E'm ~ E out 
W c jn +mh 1 = mh 2 


W c, m =m{h 2 ->h ) 


The enthalpy departures of CH 4 at the specified states are determined 
from the generalized charts to be (Fig. A-29) 


and 


Tr 1 = 
Pr\ = 


Tr2 - 
Pr2 - 


R 

263 

T a 

~ 191.1 

p \ 

_ 0.8 

Per 

~ 4.64 ’ 

Pi 

448 

Per 

~ 191.1 

Pi 

6 

Per 

_ 4.64 


1.376 

0.172 


2.34 

1.29 




= 0.075 


= 0.25 


6 MPa 
175°C 



-10 °c 


Thus, 

h 2 -h x = RT cr (Z hl — Z h2 ) + (h 2 -Ai) ideal 

= (0.5182)(l91.l)(0.075 - 0.25)+ 2.2537(175 - (- 10)) 
= 399.6 kJ/kg 

Substituting, 

W c ,in = (°- 2 kg/s)(399.6 kJ/kg) = 79.9 kW 
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12-77 Propane is to be adiabatically and reversibly compressed in a steady-flow device. The specific work required for this 
compression is to be determined using the departure charts and treating the propane as an ideal gas with temperature 
variable specific heats. 

Properties The properties of propane are (Table A-l) 

M = 44.097 kg/kmol, R = 0A 885 kJ/kg • K, T cv = 370 K, P cv = 4.26 MPa 


Analysis The temperature at the exit state may be determined by the fact that the process is isentropic and the molar 
entropy change between the inlet and exit is zero. When the entropy change equation is integrated with variable specific 
heats, it becomes 


2 

(s 2 ~s { ) ideal = J — dT - R u 

l 

When the expression of Table A-2c is 
performed, we obtain 

\ c P 

( S 2 — 1 ) ideal = ~~^T ~R U l n ~~ 

1 T ° 


In — 

Px 

substituted for c p and the integration 



— + b + cT + dT 2 
T 


dT - R u 


J 


\n Pl 


P, 


= a\n^- + b(T 2 -T 1 ) 

1 \ 



, Pi 

-T?)-R u In — 

Up 


7 MPa 



177°C 


0 = -4.04 In ^- + 30.48 
450 


To 


100 


-4.50 


-0.786 


f T 7 


T, 


v 100 y 


-4.50 


+ 0.01058 


r To 


v 100 y 


-4.50 


-(8.3 14) In 


7000 

750 


Solving this equation by EES or an iterative solution by hand gives 
T 2 = 532 K 

When en energy balance is applied to the compressor, it becomes 

2 2 

+1 = (h 2 - V) ideal = ^ C pdT = ^ (a + bT + cT 1 + dT 3 )dT 

1 1 


= a(T 2 - T t ) + ^(T 2 2 - T 2 ) + Up - +) + y (+ - +) 

= -4.04(532 - 450) + 0.1524(532 2 - 450 2 ) - 52.4(5.32 3 - 4.50 3 ) + 0.7935(5.32 4 -4.50 4 ) 


= 9111 kJ/kmol 

The work input per unit mass basis is 
_ w in _ 9111 kJ/kmol 
W[n ~ M 44.097 kg/kmol 


= 207 kJ/kg 


The enthalpy departures of propane at the specified states are determined from the generalized charts to be (Fig. A-29 or 
from EES) 


and 


Trx 

Pr\ 

Pr2 

Pr2 


Tx 

450 _ 

T a 

~ 370 “ 

_ Px 

_ 0.5 _ 

Per 

~ 4.26 " 

T 2 

_ 532 _ 

Per 

~ 370 ~ 

Pi 

7 

Per 

_ 4.26 " 


1.22 
= 0.176 


1.44 
= 1.64 


» Z h i = 0. 136 


> Z h2 =0.971 


The work input (i.e., enthalpy change) is determined to be 

w in -^2 ~h\ = (h 2 — h\ ) ideal _ ^^cr(^/?2 ~ Z hi) 

= 207 -(0.1885)(370)(0.971 -0.136) 

= 148 kJ/kg 
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12-78E Oxygen is to be adiabatically and reversibly expanded in a nozzle. The exit velocity is to be determined using the 
departure charts and treating the oxygen as an ideal gas with temperature variable specific heats. 

Properties The properties of oxygen are (Table A-l) 

M =31.999 lbm/lbmol, R = 0.06206 Btu/lbm • R, T cr = 278.6R, P cr = 736psia 

Analysis The temperature at the exit state may be determined by the fact that the process is isentropic and the molar entropy 
change between the inlet and exit is zero. From the entropy change equation for an ideal gas with variable specific heats: 


( S 2 S \ ) ideal 


A 


s 2 -s° x =R U In— =- = (1.9858) In 


70 


= -2.085 Btu/lbmol • R 


P x 200 


200 psia 
600°F 
% 0 ft/s 


Then from Table A-19E, 

T x = 1060 R >h h ^ai =7543.6 Btu/lbmol, s° x = 53.921 Btu/lbmol- R 

s° 2 =s° x -2.085 = 53.921-2.085 = 5 1.836 Btu/lbmol- R 

s° 2 =5 1.836 Btu/lbmol- R >T 2 =802 R, £ 2 , ideal = 5614.1 Btu/lbmol 

The enthalpy change per mole basis is 

( /j 2 ” ) ideal = /j 2, ideal -*i, ideal = 5614.1 -7543.6 = -1929.5 Btu/lbmol 
The enthalpy change per mass basis is 

C h 2 ~ h x ) ^eai - 1929.5 Btu/lbmol 



70 psia 


(h 2 h x fjfipj,] — 

2 1 ldedl M 31.999 lbm/lbmol 

An energy balance on the nozzle gives 

E in = E. 


= -60.30 Btu/lbm 


in 


out 


»;(/?! + V 2 /2) = m(h 2 +V 2 2 /2) 
hi+V 2 12 = h 2 + V 2 12 


Solving for the exit velocity, 


V , = 


V\ +2(h x -h 2 ) 


0.5 


(0 ft/s) 2 +2(60.30 Btu/lbm) 


' 25,037 ft 2 /s 2 A 

1 Btu/lbm 


n 0.5 


= 1 738 ft/s 


The enthalpy departures of oxygen at the specified states are determined from the generalized charts to be (Fig. A-29 or 
from EES) 


Tr i = 


Pr\ ~ 


P 


1060 


T, 


cr 

Px 


278.6 

200 


= 3.805 


P nr 736 


= 0.272 


cr 


Z hX =0.000759 


Pr2 ~ 


Pr2 ~ 


T2_ 

Per 

A 


802 
278.6 
70 


= 2.879 


P„ 736 


= 0.0951 


cr 


Z h 2 = 0.00894 


The enthalpy change is 

^2 ~h\ =(h 2 — h X ) ideal ~PPcr^h2 ~ Z hi) 

= -60.30 Btu/lbm - (0.06206 Btu/lbm • R)(278.6 R)(0.00894 - 0.000759) 
= -60.44 Btu/lbm 
The exit velocity is 

1 0.5 


v , = 


Vf+2 (h x -h 2 ) 


0.5 


(Oft/s) 2 +2(60.44 Btu/lbm) 


f 25,037 ft 2 /s 2 ^ 

1 Btu/lbm 


= 1 740 ft/s 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



12-54 



12-79 Propane is compressed isothermally by a piston-cylinder device. The work done and the heat transfer are to be 
determined using the generalized charts. 

Assumptions 1 The compression process is quasi-equilibrium. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) The enthalpy departure and the compressibility factors of propane at the initial and the final states are 
determined from the generalized charts to be (Figs. A-29, A- 15) 


and 


Tr i = 


Pr\ ~ 


Tr2 ~ 


Pr2 ~ 


T, 

_ 373 _ 

T a 

370 

p \ 

1 

Per 

4.26 

T 2 

_ 373 _ 

Per 

370 

Pi 

4 


= 1.008 
= 0.235 


P„ 4.26 


= 1.008 
= 0.939 


cr 


■» Z hl = 0.28 andZj = 0.92 


-> Z h2 = 1.8 andZ 2 = 0.50 



Q 


Treating propane as a real gas with Z avg = (Z 1 +Z 2 )/2 = (0.92 + 0.50)/2 = 0.71 


P v = ZRT = Z ,,,,,, R T = C = constant 

avg 


Then the boundary work becomes 

•2 




— dv = -Cin — 


c/, 


, ZjRT/Pj Z ? P \ 

= Z wo RTl n-? - = -Z^RTXn-^- 

av § v or / n dve ^ P 


Z X RT / P x 

= — (0.7 1)(0. 1 885 kJ/kg • K)(373 K)ln = 99.6 kj/kg 


\ x 2 


Also, 

h 2 - h\ = RT cr (Z w -Z h2 ) + (h 2 - h x ) ideal = (0. 1 885X370X0.28 - 1 .8) + 0 = -106 kj/kg 
u 2 - Mj = {h 2 -h x )- R(Z 2 T 2 -Z l T l ) = - 106 - (0. 1885)[(0.5X373)- (0.92)(373)] = -76.5 kj/kg 


Then the heat transfer for this process is determined from the closed system energy balance to be 

^in — ^out — system 
?in +W bM = Al ‘ =U 2 - Mj 

q m =(u 2 -u x )-w bm =-76.5-99.6 = -176.1 kJ/kg q out =176.1 kj/kg 
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12-80 ““ Problem 12-79 is reconsidered. This problem is to be extended to compare the solutions based on the ideal gas 
assumption, generalized chart data and real fluid (EES) data. Also, the solution is to be extended to carbon dioxide, 
nitrogen and methane. 

Analysis The problem is solved using EES, and the solution is given below. 


Procedure INFO(Name$, T[1] : Fluid$, T_critical, p_critical) 

If Name$-Propane' then 

T_critical=370 ; p_critical=4620 ; Fluid$-C3H8'; goto 10 

endif 

If Name$-Methane' then 

T_critical=1 91.1 ; p_critical=4640 ; Fluid$='CH4'; goto 10 

endif 

If Name$- Nitrogen' then 

T_critical=1 26.2 ; p_critical=3390 ; Fluid$- N2'; goto 10 

endif 

If Name$='Oxygen' then 

T_critical=1 54.8 ; p_critical=5080 ; Fluid$='02'; goto 10 

endif 

If Name$='CarbonDioxide' then 

T_critical=304.2 ; p_critical=7390 ; Fluid$='C02' ; goto 10 

endif 

If Name$-n-Butane' then 

T_critical=425.2 ; p_critical=3800 ; Fluid$- C4H10' ; goto 10 

endif 

10 : 

If T[1]<=T_critical then 

CALL ERROR('The supplied temperature must be greater than the critical temperature for the fluid. A value of 

XXXF1 K was supplied',T[1]) 

endif 

end 

{"Data from the Diagram Window" 

T[1 ]=1 00+273. 1 5 

p[1]=1000 

p[2]=4000 

Name$='Propane' 

Fluid$='C3H8' } 

Call INFO(Name$, T[1] : Fluid$, T_critical, p_critical) 

R_u=8.314 

M=molarmass(Fluid$) 

R=R_u/M 

"****** IDEAL GAS SOLUTION ******" 

"State 1 " 

h_ideal[1]=enthalpy(Fluid$, T=T[1]) "Enthalpy of ideal gas" 
s_ideal[1]=entropy(Fluid$, T=T[1], p=p[1]) "Entropy of ideal gas" 
u_ideal[1]=h_ideal[1]-R*T[1] "Internal energy of ideal gas" 

"State 2" 

h_ideal[2]=enthalpy(Fluid$, T=T[2]) "Enthalpy of ideal gas" 
s_ideal[2]=entropy(Fluid$, T=T[2], p=p[2]) "Entropy of ideal gas" 
u_ideal[2]=h_ideal[2]-R*T[2] "Internal energy of ideal gas" 

"Work is the integral of p dv, which can be done analytically." 
wJdeal=R*T[1]*Ln(p[1]/p[2]) 
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"First Law - note that u_ideal[2] is equal to u_ideal[1]" 
q_ideal-wjdeal=ujdeal[2]-u_ideal[1] 

"Entropy change" 

DELTAs_ideal=s_ideal[2]-sJdeal[1] 

"***** COMPRESSABILITY CHART SOLUTION ******" 

"State 1 " 

Tr[1]=T[1]/T_critical 
pr[1]=p[1]/p_critical 
Z[1]=COMPRESS(Tr[1], Pr[1]) 

DELTAh[1]=ENTHDEP(Tr[1], Pr[1])*R*T_critical "Enthalpy departure" 
h[1]=h_ideal[1]-DELTAh[1] "Enthalpy of real gas using charts" 

u[1]=h[1]-Z[1]*R*T[1] 

"Internal energy of gas using charts" 

DELTAs[1]=ENTRDEP(Tr[1], Pr[1])*R "Entropy departure" 
s[1]=s_ideal[1]-DELTAs[1] "Entropy of real gas using charts" 

"State 2" 

T[2]=T[1] 

T r[2]=T r[1 ] 
pr[2]=p[2]/p_critical 
Z[2]=COMPRESS(Tr[2], Pr[2]) 

DELTAh[2]=ENTHDEP(Tr[2], Pr[2])*R*T_critical "Enthalpy departure" 

DELTAs[2]=ENTRDEP(Tr[2], Pr[2])*R "Entropy departure" 
h[2]=h_ideal[2]-DELTAh[2] "Enthalpy of real gas using charts" 

s[2]=sJdeal[2]-DELTAs[2] "Entropy of real gas using charts" 

u[2]=h[2]-Z[2]*R*T[2] "Internal energy of gas using charts" 

"Work using charts - note use of EES integral function to evaluate the integral of p dv." 
w_chart=lntegral(p,v,v[1],v[2]) 

"We need an equation to relate p and v in the above INTEGRAL function. " 
p*v=COMPRESS(Tr[2],p/p_critical)*R*T[1] "To specify relationship between p and v" 

"Find the limits of integration" 

P[1]*v[1]=Z[1]*R*T[1] "to get v[1], the lower bound" 

p[2]*v[2]=Z[2]*R*T[2] "to get v[2], the upper bound" 

"First Law - note that u[2] is not equal to u[1]" 
q_ch a rt-w_ch a rt= u [2]-u [ 1 ] 

"Entropy Change" 

DELTAs_chart=s[2]-s[1] 

"***** SOLUTION USING EES BUILT-IN PROPERTY DATA *****" 

"At state 1 " 

u_ees[1]=intEnergy(Name$,T=T[1],p=p[1]) 

s_ees[1]=entropy(Name$,T=T[1],p=p[1]) 

"At state 2" 

u_ees[2]=lntEnergy(Name$,T=T[2],p=p[2]) 

s_ees[2]=entropy(Name$,T=T[2],p=p[2]) 

"Work using EES built-in properties- note use of EES Integral funcion to evaluate the integral of pdv." 
w_ees=integral(p_ees, v_ees, v_ees[1],v_ees[2]) 

"The following equation relates p and v in the above INTEGRAL" 
p_ees=pressure(Name$,T=T[1], v=v_ees) "To specify relationship between p and v" 

"Find the limits of integration" 

v_ees[1]=volume(Name$, T=T[1],p=p[1]) "to get lower bound" 
v_ees[2]=volume(Name$, T=T[2],p=p[2]) "to get upper bound" 

"First law - note that u_ees[2] is not equal to u_ees[1]" 
q_ees-w_ees=u_ees[2]-u_ees[1 ] 
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"Entropy change" 

DELTAs_ees=s_ees[2]-s_ees[1] 

"Note: In all three solutions to this problem we could have calculated the heat transfer by 
q/T=DELTA_s since T is constant. Then the first law could have been used to find the work. 
The use of integral of p dv to find the work is a more fundamental approach and can be 
used if T is not constant." 


SOLUTION 

DELTAh[1]=16.48 [kJ/kg] 
DELTAh[2]=91 .96 [kJ/kg] 
DELTAs[1 ]=0.03029 [kJ/kg-K] 
DELTAs[2]=0.1851 [kJ/kg-K] 
DELTAS _chart=-0.41 62 [kJ/kg-K] 
DELTAs_ees=-0.471 1 [kJ/kg-K] 
DELTAs_ideal=-0.2614 [kJ/kg-K] 
Fluid$='C3H8' 
h[1]=-2232 [kJ/kg] 
h[2]=-2308 [kJ/kg] 
hjdeal[1]=-2216 [kJ/kg] 
hjdeal[2]=-2216 [kJ/kg] 

M=44.1 

Name$='Propane' 

p=4000 

p[1]=1000 [kPa] 
p[2]=4000 [kPa] 
pr[1 ]=0.21 65 
pr[2]=0.8658 
p_critical=4620 [kPa] 
p_ees=4000 
q_chart=-155.3 [kJ/kg] 
q_ees=-175.8 [kJ/kg] 
q_ideal=-97.54 [kJ/kg] 

R=0.1885 [kJ/kg-K] 

R_u=8.314 [kJ/mole-K] 
s[1 ]=6.073 [kJ/kg-K] 


s[2]=5.657 [kJ/kg-K] 
s_ees[1 ]=2.797 [kJ/kg-K] 
s_ees[2]=2.326 [kJ/kg-K] 
s _ideal[1 ]=6. 1 03 [kJ/kg-K] 
sjdeal[2]=5.842 [kJ/kg-K] 
T[1 ]=373.2 [K] 

T[2]=373.2 [K] 

T r[1 ]=1 .009 
Tr[2]=1 .009 
T_critical=370 [K] 
u[1]=-2298 [kJ/kg] 
u[2]=-2351 [kJ/kg] 
u_ees[1]=688.4 [kJ/kg] 
u_ees[2]=617.1 [kJ/kg] 
u_ideal[1]=-2286 [kJ/kg] 
uJdeal[2]=-2286 [kJ/kg] 
v=0.01074 

v[1 ]=0.06506 [m A 3/kg] 
v[2]=0.01074 [m A 3/kg] 
v_ees=0. 009426 
v_ees[1 ]=0.0646 [m A 3/kg] 
v_ees[2]=0. 009426 [m A 3/kg] 
w_chart=-101.9 [kJ/kg] 
w_ees=-104.5 [kJ/kg] 
w_ideal=-97.54 [kJ/kg] 

Z[1 ]=0.9246 
Z[2]=0.61 04 
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12-81 Propane is compressed isothermally by a piston-cylinder device. The exergy destruction associated with this process 
is to be determined. 

Assumptions IThe compression process is quasi-equilibrium. 2 Kinetic and potential energy changes are negligible. 
Properties The gas constant of propane is R = 0.1885 kJ/kg.K (Table A-l). 

Analysis The exergy destruction is determined from its definition x destroyed = To^gen where the entropy generation is 
determined from an entropy balance on the contents of the cylinder. It gives 
S' - S' + v - AS* 

° in °out ' ° gen 00 system 


Q 


out 


T, 


\-S gen =m(s 2 -s l ) -+s Qen =(s 2 -s x )-\ 


Q out 


gen 


b , surr 


T, 


surr 


where 


and 


Thus, 


and 


^sys-^ S \-R(Z S \ Z s2 ) + ( S 2 $ i ) ideal 

710 


T p A 

(s 2 ~ * 5 i ) ideal = In -f - Rln = 0 - 0. 18851n - = -0.26 1 kJ/kg • K 

l x P X l 


Tri = 


Pr\ ~ 


T, 373 


Tr2 ~ 


Pr2 ~ 


T c r 

” 370 ~ 

Pi 

1 

Per 

~ 4.26 ~ 

Pi 

_ 373 _ 

Per 

~ 370 “ 

P 2 

4 


= 1.008 
= 0.235 


Per 4.26 


= 1.008 
= 0.939 


>Z, 1 =0.21 


*Z s2 =l.5 


A^ sys = * 2 - s, = R(Z sl -Z s2 ) + (s 2 - s, ) ideal = (o. 1 8 85 )(0.2 1 - 1 .5)- 0.261 = -0.504 kJ/kg • K 


■^destroyed ^0 $ gen ^0 


(s 2 -s x ) + 


Q out 


L 


sun- j 


= ( 3 Q3 K)f- 0.504 + 176,1 kJ/k § 
1 303 K 


kJ/kg K 


= 23.4 kJ/kg 
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12-82 A paddle-wheel placed in a well-insulated rigid tank containing oxygen is turned on. The final pressure in the tank 
and the paddle-wheel work done during this process are to be determined. 

Assumptions IThe tank is well-insulated and thus heat transfer is negligible. 2 Kinetic and potential energy changes are 
negligible. 

Properties The gas constant of 0 2 is R = 0.2598 kJ/kg.K (Table A-l). 

Analysis (a) For this problem, we use critical properties, compressibility 
factor, and enthalpy departure factors in EES. The compressibility factor of 
oxygen at the initial state is determined from EES to be 


Tr 1 = 


Pr\ ~ 




175 


T cr 154.6 
Pi 6 


P„ 5.043 


= 1.13 


= 1.19 


cr 


■» Z 1 = 0.682 and Z hx = 1.33 



Then, 


Pv = ZRT 

V 


-+ v \ = 
0.05 m 


(0.682)(0.2598 kPa • m 3 /kg • K)(175 K) 


6000 kPa 


= 0.00516 m 3 /kg 


m = 


= 9.68 kg 


0.00516 m /kg 

The specific volume of oxygen remains constant during this process, c/ 2 = v x . Thus, 


Tr2 ~ 


U R2 ~ 


77 


225 


T cr 154.8 

C/t 


= 1.46 


0.00516 m 3 /kg 


RT a /P CT (0.2598 kPa • m 3 /kg • K)(154.6 K)/(5043 kPa) 

P 2 = Vcr =( 1 .9 1 X5043)=9652 kPa 

(b) The energy balance relation for this closed system can be expressed as 


= 0.649 


Z 2 =0.853 

Z h2 = 1-09 

^2 =1-91 


E'm ^out ^^system 


w in = A U = m(u 2 — M|) 

w in =m[h 2 -h x ~(P 2 v 2 -P i i/|)]=ot[A 2 -h x -R(Z 2 T 2 -Z^)] 


where 


h 2 h x - RT cr (Z hx Z h 2 ) + ( h 2 h x ) ideal 

= (0.2598X154.6XE33 - 1.09) + 52.96 
= 62.51 kJ/kg 

Substituting, 

W in =(9.68 kg)[62.51- (0.2598 kJ/kg • K){(0.853)(225)- (0.682)(l75)}K] = 423kJ 


Discussion The following routine in EES is used to get the solution above. Reading values from Fig. A- 15 and A-29 
together with properties in the book could yield different results. 


"Given" 

V=0.05 [m A 3] 

T1=175 [K] 

PI =6000 [kPa] 

T2=225 [K] 

"Properties" 

Fluid$='02' 
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R_u=8.314 [kJ/kmol-K] 

T_cr=T_CRIT(Fluid$) 

P_cr=P_CRIT(Fluid$) 

MM=molarmass(Fluid$) 

R=R_u/MM 

"Analysis" 

"(a)" 

T_R1=T1/T_cr 

P_R1=P1/P_cr 

Z_h1 =ENTHDEP(T_R1 , P_R1 ) "the function that returns enthalpy departure factor at T_R1 and P_R1 " 

Z_1 =COMPRESS(T_R1 , P_R1 ) "the function that returns compressibility factor at T_R1 and P_R1 " 

T_R2=T2/T_cr 

v_R2=(v2*P_cr)/(R*T_cr) 

v1=Z_1*R*T1/P1 

m=V/v1 

v2=v1 

Z_h2=ENTHDEP(T_R2, P_R2) "the function that returns enthalpy departure factor at T_R2 and P_R2" 

Z_2=COMPRESS(T_R2, P_R2) "the function that returns compressibility factor at T_R2 and P_R2" 

P2=Z_2*R*T2/v2 

P2=P_R2*P_cr 

"(b)" 

h1_ideal=enthalpy(Fluid$, T=T1) 
h2_ideal=enthalpy(Fluid$, T=T2) 

DELTAh_ideal=(h2_ideal-h1_ideal) 

DELTAh=R*T_cr*(Z_h1-Z_h2)+DELTAh_ideal 
DELTAu=DELTAh-R*(Z_2*T2-Z_1 *T1 ) 

W in=m*DELTAu 


Solution 


DELTAh=62.51 [kJ/kg] 
DELTAh_ideal=52.96 [kJ/kg] 
DELTAu=43.65 [kJ/kg] 
Fluid$='02' 

hi ideal— 12 1.8 [kJ/kg] 
h2_ideal=-68.8 [kJ/kg] 
m=9.682 [kg] 

MM=32 [kg/kmol] 

PI =6000 [kPa] 

P2=9652 [kPa] 

P_cr=5043 [kPa] 

P_R1=1.19 
P_R2=1.914 
R=0.2598 [kJ/kg-K] 
R_u=8.314 [kJ/kmol-K] 


v 1=0. 005 164 [m A 3/kg] 
v2=0.005164 [m A 3/kg] 
v_R2=0.6485 

W_in=422.6 [kj] 


Z_l=0.6815 
Z_2=0.8527 
Z_hl=1.331 
Z h2=1.094 


T_R1=1.132 
T_R2= 1.456 
V=0.05 [m A 3] 


Tl=l 75 [K] 
T2=225 [K] 


T_cr=154.6 [K] 
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12-83 The heat transfer and entropy changes of CO 2 during a process are to be determined assuming ideal gas behavior, 
using generalized charts, and real fluid (EES) data. 

Analysis The temperature at the final state is 


T 2 = T l 


h 

R 


= (100 + 273 K) 


8 MPa 
1 MPa 


= 2984 K 


Eising data from the ideal gas property table of C0 2 (Table A-20), 

(h 2 - ^1 ) ideal = K ideal “^i, ideal = 161,293 - 12, ,269 = 149,024 kJ/kmol 


R 


8 


(s 2 -jO idea i = s 2 -^i° -R u In — = 333.770 -222.367 -8.3 14 x In - = 94.1 15 kJ/kmol -K 

P l 1 

(A, - = 149.024 kJ/kmol = ^ 

2 1 ldeal M 44 kg/kmol 

The heat transfer is determined from an energy balance noting that there is no work interaction 

*7 ideal — (Ml — ^1 ) ideal — (^2 — ^1 ) ideal — ^(^2 — ^1 ) ,, 

= 3386.9 kJ/kg - (0. 1 889 kJ/kg.K)(2984 - 373) = 2893.7 k J/kg 
The entropy change is 

(^2 -^l) ideal 94.1 15 kJ/kmol 


^ ideal = 0 2 “ * 1 ) 


ideal 


M 


44 kg/kmol 


= 2.1390 kJ/kg.K 


The compressibility factor and the enthalpy and entropy departures of C0 2 at the specified states are determined from the 
generalized charts to be (we used EES) 


and 


Tr 1 = 


Pri ~ 


Tr2 ~ 


Pr2 ~ 


T\ 

373 

T C r 

304.2 

Pi 

1 

Per 

” 7.39 ~ 

T 2 

_ 2985 _ 

Ter 

~ 304.2 ~ 

Pi 

8 


= 1.226 


P„ 7.39 


= 0.135 


= 9.813 


= 1.083 


>Z, =0.976, Z hx = 0.1028 and Z vl =0.05987 


cr 


-> Z 2 =1.009, Z h2 = -0.1 144 andZ v2 =-0.002685 


Thus, 


* 7 chart ~ u 2 u \~(^2 ^ 7 1 ) ideal PPcr(^h2 ^ hi) Z X R(T 2 T x ) 

= 3386.9 - (0. 1889)(304.2)(-0. 1144-0. 1028) - (0.976)(0. 1 889)(2887 - 373) = 2935.9 kJ/kg 


As 1 


chart 


~( s 2 S \ ) chart ” si Z s2 ) + ( S 2 s l) 


ideal 


= ( 0 . 1889 X 0.05987 - (- 0 . 002685 ))+ 2.1390 = 2.1 51 kJ/kg.K 
Note that the temperature at the final state in this case was determined from 


T 2 =Ti 


Pi z 2 


= (100 + 273 K) 


8 MPa 0.976 


= 2888 K 


1 MPa 1.009 

The solution using EES built-in property data is as follows: 


T x = 373 K 
P x = 1 MPa 


v x = 0.06885 m 3 /kg 
u x =-8.614 kJ/kg 
s x = -0.2464 kJ/kg.K 


P 2 = 8 MPa 

c/ 2 = c/] = 0.06885 m 3 /kg 


T 2 = 2879 K 
u 2 = 2754 kJ/kg 
s 2 =1.85 kJ/kg.K 


Then 


q EES =u 2 -u x = 2754- (-8.614) = 2763 kJ/kg 
As EES = (*^2 ~ s \)ees = s 2 ~ s i =1 -85 -(-0.2464) = 2.097 kJ/kg.K 
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Review Problems 


12-84 It is to be shown that the slope of a constant-pressure line on an h-s diagram is constant in the saturation region and 
increases with temperature in the superheated region. 


Analysis For P = constant, dP = 0 and the given relation reduces to dh = Tds, which can also be expressed as 


r 






= T 


Thus the slope of the P = constant lines on an h-s diagram is equal to the 
temperature. 

(a) In the saturation region, T = constant for P = constant lines, and the slope 
remains constant. 


(. b ) In the superheat region, the slope increases with increasing temperature since 
the slope is equal temperature. 



12-85 Using the cyclic relation and the first Maxwell relation, the other three Maxwell relations are to be obtained. 
Analysis (1) Using the properties P, s, i/, the cyclic relation can be expressed as 

= -l 


ray 


ray 


f ay 

yds J 

V 

UvJ 

p 

larj 


Substituting the first Maxwell relation, 

f ^ r r\ f A f 


f dT) 


f dP) 

Ui/y 

S 

[ds J 


dT 

v a</y 


ds 

v ac/ y 


dv_ 

p v dP y 5 


= -l 


( dT) 


f ds ) 

lay 

s 



= 1 


p 


f dT) 


ray 

lay 

s 

las J 


p 


(2) Using the properties T, i/, 5, the cyclic relation can be expressed as 


r dT ' 


v dt/y 


'dv' 


ds 


' ds A 


v ^ Jp 


\dT j 


= -l 


Substituting the first Maxwell relation, 


= -l 


'dr' 




s 

IU 


r dp) 


(dv) 


( ds) 

las J 

v 

las J 

T 

larj 


r dp) 


ray 

larj 

i/ 

las J 


= 1 


'ds' 


v ac/y 


r dP^ 


T \dT J v 


(3) Using the properties P, T, t/, the cyclic relation can be expressed as 


f dP) 


(dT) 



lay 

i/ 

l dv) 

P 

larj 


= -l 


T 


Substituting the third Maxwell relation, 


= -l 


fa) 


' cP' 

lay 

T 

y cT , 


{ dS ) 


( dT) 


( ay 

lac/ J 

T 

l dv) 

P 

larj 


'ds' 


K dPj 


r dT ' 


T 


\d C/y 


= -l 


r ds) 



l dPj 

T 

larj 
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12-86 For J3> 0, it is to be shown that at every point of a single-phase region of an h-s diagram, the slope of a constant- 
pressure line is greater than the slope of a constant-temperature line, but less than the slope of a constant-volume line. 


Analysis It is given that J3> 0. 
Using the Tds relation: 


dh dP 

dh = Tds + i/dP > — - T + </ 

ds ds 


(1) P = constant: 


(2) T = constant: 


f dh ' 


\dsj P 


= T 


r dh) fdP ' 

= T + V[ 

T 


ds 


j 


ds 


v ^ J 


T 


But the 4th Maxwell relation: 

f CM. \ 


fdP) 


(dr) 

Ids' J 

T 

[si/J 


Substituting: 


dh_ 

y ds j T 


= T-v 


r dT^ 


= T -- 

\dvj p P 


Therefore, the slope of P = constant lines is greater than the slope of T = constant lines. 


(3) v= constant: 


From the ds relation: 


r 8id 

yds j 


= T + v 


r dP^ 

yds j 


ds = — dT + 
T 


(a) 

f dp \ 


ydT, v 


dv 


Divide by dP holding c/ constant: 


Using the properties P, P, c/, the cyclic relation can be expressed as 


f ds ) 

_ C V 

f dT ) 

or 

f dP) 

T 

f 8F ) 

l dP) 

T 

v 

{ SP) 

t/ 

Ids J 

1/ C v 

UrJ 


0 b ) 


f dP) 


(dr) 


f 


(/ 

Idv ) 

P 



= -l 


' dP N 


ydT y 


'dv' 


ydT Jp 


' dP N 


ydVjj 


=(-p4— 


-at / j 


P- (c) 

a 


where we used the definitions of a and /?. Substituting ( b ) and (c) into ( a ), 


r dhd 

ydSy 


= T + v 


r dP'' 


yds j 


= T+ J ^->T 


c v a 


Here a is positive for all phases of all substances. T is the absolute temperature that is also positive, so is c„. Therefore, the 
second term on the right is always a positive quantity since / 3 is given to be positive. Then we conclude that the slope of P = 
constant lines is less than the slope of (/= constant lines. 
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12-87 It is to be shown that 



( 


f SF ) 

c‘ = -T 




V 

U Tj 

S 

UU 


and c p = T 


f dP) 


f dv \ 

U Tj 

S 

UU 


p 


Analysis Using the definition of c v , 


T 


= T 



f dp 1 


Ur J 

V 

[dPj 

V 

UrJ 


Substituting the first Maxwell relation 


( ds ) 



U p) 


w 


c„ = -T 


f 8v) 


f dP 1 

Ur J 

s 

UrJ 


Using the definition of c 


p> 


c p= t 


' ds ' 


ydTj 


= T 


' ds ' 


P 


ydVj 


'chP 

pydTj 


P 


Substituting the second Maxwell relation 


( ds ) 


f dp ) 

UU 

p 

UrJ 


c p= t 


f 8P) 



Ur J 

.s 

UrJ 


12-88 It is to be proven that for a simple compressible substance 


v 5i/ y 


Analysis The proof is simply obtained as 


' ds^ 


ydl/y 


du 

v ac/ y 


-P P 


f du^ 
\ds 


T T 


P 
T ' 
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12-89 It is to be proven by using the definitions of pressure and temperature, T = 

r dh^ 


f du A 


yds , 


and P = - 


r du A 
V 5l/y 


that for ideal 


gases, the development of the constant-pressure specific heat yields 

Analysis The definition for enthalpy is 
h = u + Pv 

Then, 


\dP j t 


= 0 


r dh^ 


dP 


r du^ 
~dP 


r d c/ A 


+ P 


J T jj 

Assume u = u(s, v) 

Then, 


v dP j t 


+ v 


r dP ^ 


v dP j t 


du = 
r du^ 


du 


K dPj 


ds + 
du 


du 


T \ ds Jv 


K dVy 


d v 


dP 


+ 


r du^ 




t J 


r dv^ 
K ~dPj 


T 


r du ^ 

= T 


r dv^ 


~P 

r dv^ 


— 





T 


U Tj 

P _ 




= ~{T + P) 


K dPy T 


r dh ' 


v dP j j 


- ~(T + P) 


' d 


\dP j t 


+ P 




\dP j t 


+ c / = -r 




V dP j T 


+ v 


For ideal gases 
RT 


v = 


P 


and 


r dv^ 

K dPj 


T 


R 

P 


Then, 


r dh ' 


v dP j j 


TR 


P 


v = -(/ + (/ = 0 
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12-90 It is to be proven by using the definitions of pressure and temperature, T = 


r du^ 


gases, the development of the constant-volume specific heat yields 

Analysis Assume u = u(s , v) 

Then, 


f du ^ 
V a(/y r 


r 


du - 

r du N 


du 

\dsj „ 


ds + 


f du A 

v a</y 


d V 


K dv jT 


r du^ 
\ds j 
f \ 


r ds^ 


v \dvj T 


+ 


' du_^ 
\dvj 


\di Or 


= T 


ds 

\dVj 

From Maxwell equation, 


+ P 


T 


T 




ydVjT 


+ P = T 


vdTj„ 


-P 


For ideal gases 
RT 


P = 


and 


r dP ^ 


v 


\dT j 


R 

v 


Then, 


r du A 
v a</y 


T 


= T--P = P-P = 0 

(/ 


yds y 


and P = - 


= 0 . 


r du A 
V 5l/y 


that for ideal 
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12-91 Expressions for h, u, s°, P n and v r for an ideal gas whose c p ° is given by c° p = ^ 


In 


f j, \ 

T 

\ 1 r J 


-\i—n 


are to be 


developed. 


Analysis By making the change in variable, x = ln(77r r ), the enthalpy of this substance relative to a reference state is given 
by 


T 


h= ^c p dT = 'Y j a i | 


x e dx 


T r 


ref 


= Yj a r 


*ref 

x l ~ n - (i - n)x l ~ n ~ x + (i - n){i - n - l)x /_/? 2 - ... + (-l)' - " (/ - n)\ 

~ Kef + O' “ n)x'~r l ~ (i ~ n)(i -n - l)x l ~J~ 2 + ... - (-l) /_,? 0 ~ n)\ 


Similarly, s° is given by 


T / \ x 

s° = J dT = ^ a i T r j* x l ~ n e 2x dx 


■ ref 


X ref 


a i e ^ X 

l-u o i-n 


(2x) l ~ n - (i - n)(2xy- n ~ l + (i - n)(i -n- \)(2x) l ~ n - A - ... + (i - n)\ 

■ ref t n + (i ~ n)(2x ref )‘- n -' - (i - n)(i - n - \)(2x ref 


i-n- 2 


- (2 x ref y- n + a - n)(2x ref y - n - 1 - a - n\i - n - wx ref y- n - 2 + ... - (-\y- n a - n y. 


2 

With these two results, 
u = h- P v 
P=e s ° ,R 


According to the du form of Gibbs equations, 

du du 

— = —R 

T v 

Noting that for ideal gases, = c p -R and du = c„dT , this expression reduces to 
When this is integrated between the reference and actual states, the result is 




c„ — -Rln — = -R In — 


T 


P 


ref ''ref 

Solving this for the specific volume ratio gives 
— = exp[-(s°-/?(7’-7’ re/ ))/?] 


ref 


The ratio of the specific volumes at two states which have the same entropy is then 


(/ 


v 


= exp 


( s 2 - ‘ s i° _ R (Ti _ T\ ))^] 


ref 


Inspection of this result gives 


u r = exp 


(s° -RT)/R 
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12-92 It is to be shown that the position of the Joule-Thompson coefficient inversion curve on the T-P plane is given by 
(< dZ/dT) P = 0. 

Analysis The inversion curve is the locus of the points at which the Joule-Thompson coefficient // is zero, 

1 


/ 


\ 

T 

— v 

V 

l dTj 

p J 


H- = 


which can also be written as 


= 0 


T 




\dT Jp 


ZRT 

P 


= 0 


(a) 


since it is given that 
ZRT 


v = 


P 


C b ) 


Taking the derivative of ( b ) with respect to T holding P constant gives 


\dT y p 


' 8i A ( d{ZRTtPy R 

8T ) n ~ T 


V 


( J 3Z A 


Substituting in ( a ), 


TR 


P 


dZ 




T 

V KdTj P 


+z 


J 


T 


r dZ^ 

\dT j p 


J p 

ZRT 
P 

+ Z-Z = 0 

f \ 


+ z 


V \^T j p 


= 0 


az 

\dT y p 


= 0 


which is the desired relation. 
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12-93 It is to be shown that for an isentropic expansion or compression process P v k = constant. It is also to be shown that 
the isentropic expansion exponent k reduces to the specific heat ratio c p lc v for an ideal gas. 

Analysis We note that ds = 0 for an isentropic process. Taking s = s(P , i/), the total differential ds can be expressed as 


ds = 


^ ds ^ 


K dPj 


dP + 


f aO 




dv = 0 


(«) 


We now substitute the Maxwell relations below into (a) 

r ( dv\ ( ( dP^ 

and 


cP 




ycT j 


\dvj P 


ydr J 


to get 


f dv\ ( 6 P' 

dP + 


dr 


s 


Rearranging, 

dP- 

Dividing by P, 


f dT ) 

f 

UU 

s v 


r dP A 


ydTy 


dP 

1 f 

P 

Tv 


ydP y 

dv = 0 

S' 

dP 


d v = 0 


■» dP- 


r dP A 


v 0l/y 


d i/ = 0 


\dv j 


dv = 0 


(*) 


We now define isentropic expansion exponent k as 

, V ( dP A 

k 

P 


Substituting in (Z?), 

dP dv 

— + k — = 0 

P v 

Taking k to be a constant and integrating, 

InP + k\n i/ = constant > In Pv k = constant 

Thus, 

Pv k = constant 


To show that k = c p lc„ for an ideal gas, we write the cyclic relations for the following two groups of variables: 


(s,T, v) 
( s,T,P ) 


f ds^ 


■» 


K dTy 

r ds_^ 
dT 


r d c/ A 
v\ds j t 


J p 

where we used the relations 


c.. = T 


dP 
yds j 


T 


fQjy 

\8vj 

r dT^ 

TP/ 


= -l 


= -l 


T 


T 


yds y p 

f dP 

ydSjp 


r dT^ 

ydvj 

y~dPy 


= -l (c) 


= -l (d) 


r ds) 

and c n - 


f ds) 

= T 

Ur J 

p 


UrJ 


Setting Eqs. (c) and (d) equal to each other, 



( dP ] 


f dT ) 




f dT 1 

T 

[ds J 

T 

{ dP) 

S T 

[ds J 

T 

uu 


or, 


p 


f ds^ 


dP 


v ST 


r dP_' 

y~dT; 


r diS 

y ds j j 


but 


fdv) 


f d(RT/ p)) 

UU 

T 

{ dP ) 


ydv j 


V 

p 


ds du 
~dP~ds 


St 


dP_dT_ 

~dT~du 


( dip 
y dP j p 


r dP_' 

ydvy 


Substituting, 

c 


p 


v 

~P 


r dP ^ 

ydVy 


= k 


which is the desired relation. 
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12-94 The c p of nitrogen at 300 kPa and 400 K is to be estimated using the relation given and its definition, and the results 
are to be compared to the value listed in Table A-2 b. 

Analysis (a) We treat nitrogen as an ideal gas with R = 0.297 kJ/kg-K and k = 1.397. Note that p'r k ' (kA) = C = constant for 
the isentropic processes of ideal gases. The c p relation is given as 


c p= t 


f dp 1 


f at/ l 

UrJ 




v = 


RT 

P 




\dT y p 


R 

P 


P = CT 


k/(k- 1) 


'dP^ 

v ar y 


k £jikl{k-\)-\ 

k - 1 


k lp T ~k !{k- 1) \ p k /(Ar-l)-l 

k~ 1 V ' 


kP 

T{k- 1) 


Substituting, 


c p =T 


( kP ^ 


kR 1.397(0.297 kJ/kg-K) 

(r(k-i)J 


~ k - 1 1.397-1 


(b) The c p is defined as c. 


r dh^ 


sp ViVJLlllVVi 

r Ah A 

c p = 


\ST j P 


= 1.045 kJ/kg-K 


. Replacing the differentials by differences, 


h ( 410 K)-h { 390 k) (l 1,932- 11, 347)/28.0 kJ/kg 


V Ar y p =3 ookp a 


(410-390)K 

(Compare: Table A-2 b at 400 K — > c p = 1.044 kJ/kg-K) 


(410-390)K 


= 1.045 kJ/kg K 


12-95 The temperature change of steam and the average Joule-Thompson coefficient during a throttling process are to be 
estimated. 


Analysis The enthalpy of steam at 4.5 MPa and T— 300°C is h = 2944.2 kJ/kg. Now consider a throttling process from this 
state to 2.5 MPa. The temperature of the steam at the end of this throttling process will be 


P = 2.5 MPa 
h = 2944.2 kJ/kg 


jr 2 = 273.72°C 


Thus the temperature drop during this throttling process is 
AT = T 2 -T l = 273.72 - 300 = -26.28°C 


The average Joule-Thomson coefficient for this process is determined from 




f 8T ] 


' AT ' 

UrJ 

h 

vA P, 


h =3204. 7 kJ/kg 


(273.72 -300>C, 13 14x/Hpa 
(2.5 -4.5jMPa 
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12-96 Argon enters a turbine at a specified state and leaves at another specified state. Power output of the turbine and 
exergy destruction during this process are to be determined using the generalized charts. 

Properties The gas constant and critical properties of Argon are R = 0.208 1 kJ/kg.K, T cr = 151 K, and P cr = 4.86 MPa 
(Table A- 1). 

Analysis (a) The enthalpy and entropy departures of argon at the specified states are determined from the generalized 
charts to be 


Tr, = 


Pr = 


?j 800 
7^'T5l 


P 


P„ 4.86 


= 5.30 


= 1.85 


cr 


Z h = 0 and Z„ = 0 

n \ s \ 


P x = 9 MPa 
T\ = 800 K 
V x = 100 m/s 


20 kW 


Thus argon behaves as an ideal gas at turbine inlet. Also, 


T Ri =P = — = 2.98 


Pr = 


Per 151 
Pi 1.5 


2 P CI 4.86 


= 0.309 


Z,, = 0.024 and Z„ =0.013 


Thus, 


h 2 - h x = RT cr [Z, h - Z ll2 )+ (h 2 - /?! ) ideal 

= (0.208lXl5l)(0 - 0.024)+ 0.5203(450 - 800) = -182.9 kJ/kg 
The power output of the turbine is to be determined from the energy balance equation, 

-^in ^out — ^system = 0 (steady) -+ E m = E 
m{h x + V 2 / 2) = m(h 2 + V 2 2 / 2) + Q out + W t 



V 2 = 150 m/s 


out 


out 


Wout = ~ m 


(h 2 -h i) + 


2 


-Q 


out 


Substituting, 


^out - _ (3 kg/s) 


-182.9 + 


(150 m/s) 2 - (100 m/s) 


2 


1 kJ/kg 


1000 m 2 /s 2 




J) 


-20 kJ/s = 510 kW 


( b ) Under steady conditions, the rate form of the entropy balance for the turbine simplifies to 

710 


c _ v + v - AS 1 " u - n 

°in °out ^ °gen — system — u 


ms x - ms 2 


Jr^ + Sgen =0 -> V = m(*2 -^2) + %^ 

1 U 1 A 


b, out 0 

The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition X destroyed = T 0 

^gen ’ 


^destroyed ^O^gen ^0 


m(s 2 ~s 2 ) + 


Qout 

Tn 


where 

s 2 -Si =p[z si - Z S2 )+ (s 

and 

T 

( S 2 ~ (ideal = C p 

1 \ 

Thus, 

s 2 -s x =R[Z Si -Z s J+(s 

Substituting, 


'ideal 


h 

p 


450 

800 


1.5 


^destroyed = (^98 K j (3 kg/sX0.0708 kJ/kg • K) 


+ 


20 kW 
298 K 


A 


= 83.3 kW 
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12-97 Problem 12-96 is reconsidered. The problem is to be solved assuming steam is the working fluid by using the 

generalized chart method and EES data for steam. The power output and the exergy destruction rate for these two 
calculation methods against the turbine exit pressure are to be plotted. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


" Input Data " 

T[1]=800 [K] 

P[1]=9000 [kPa] 

Vel[1]=100 [m/s] 

T[2]=450 [K] 

P[2]=1 500 [kPa] 

Vel[2]=150 [m/s] 

Q_dot_out=20 [kW] 

T_o=25+273 "[K]" 
m_dot=3 [kg/s] 

Name$='Steam_iapws' 

T_critical=647.3 [K] 

P_critical=22090 [kPa] 

Fluid$='H20' 

R u=8.314 
M=molarmass(Fluid$) 

R=R_u/M 

"****** IDEAL GAS SOLUTION ******" 

"State 1 " 

h_ideal[1]=enthalpy(Fluid$,T=T[1]) "Enthalpy of ideal gas" 
s_ideal[1]=entropy(Fluid$, T=T[1], P=P[1 ]) "Entropy of ideal gas" 

"State 2" 

h_ideal[2]=enthalpy(Fluid$,T=T[2]) "Enthalpy of ideal gas" 
s_ideal[2]=entropy(Fluid$, T=T[2], P=P[2]) "Entropy of ideal gas" 

"Conservation of Energy, Steady-flow: " 

" E_d ot_i n=E_dot_out" 

m_dot*(hJdeal[1]+Vel[1] A 2/2*convert(m A 2/s A 2,kJ/kg))=m_dot*(hJdeal[2]+Vel[2] A 2/2*convert(m A 2/s A 2,kJ/kg))+Q 
_dot_out+W dot_out_ideal 

"Second Law analysis:" 

"S_dot in-S_dot_out+S_dot_gen = 0" 

m dot*sJdeal[1] - m_dot*sJdeal[2] - Q_dot_out/T_o + S_dot_genJdeal = 0 
"Exergy Destroyed:" 

X_dot_destroyed_ideal = T_o*S_dot_genJdeal 

"***** COMPRESSABILITY CHART SOLUTION ******" 

"State 1 " 

T r[1 ]=T[1 ]/T_critical 
Pr[1]=P[1]/P critical 
Z[1]=COMPRESS(Tr[1], Pr[l]) 

DELTAh[1]=ENTHDEP(Tr[1], Pr[1])*R*T_critical "Enthalpy departure" 
h_chart[1]=h_ideal[1]-DELTAh[1] "Enthalpy of real gas using charts" 

DELTAs[1]=ENTRDEP(Tr[1], Pr[1])*R "Entropy departure" 
s_chart[1]=s_ideal[1]-DELTAs[1] "Entropy of real gas using charts" 

"State 2" 

Tr[2]=T[2]/T_critical 
Pr[2]=P[2]/P critical 
Z[2]=COMPRESS(Tr[2], Pr[2]) 
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DELTAh[2]=ENTHDEP(Tr[2], Pr[2])*R*T_critical "Enthalpy departure" 

DELTAs[2]=ENTRDEP(Tr[2], Pr[2])*R "Entropy departure" 
h_chart[2]=h_ideal[2]-DELTAh[2] "Enthalpy of real gas using charts" 
s_chart[2]=s_ideal[2]-DELTAs[2] "Entropy of real gas using charts" 

"Conservation of Energy, Steady-flow: " 

" E_d otj n = E_d ot_o u t" 

m_dot*(h_chart[1]+Vel[1] A 2/2*convert(m A 2/s A 2,kJ/kg))=m_dot*(h_chart[2]+Vel[2] A 2/2*convert(m A 2/s A 2,kJ/kg))+Q 

_dot_out+W_dot_out_chart 

"Second Law analysis:" 

"S_dot_in-S_dot_out+S_dot_gen = 0" 

m_dot*s_chart[1] - m_dot*s_chart[2] - Q_dot_out/T_o + S_dot_gen_chart = 0 
"Exergy Destroyed:" 

X_dot_destroyed_chart = T_o*S_dot_gen_chart"[kW]" 

"***** SOLUTION USING EES BUILT-IN PROPERTY DATA *****" 

"At state 1 " 

h_ees[1]=enthalpy(Name$,T=T[1],P=P[1]) 

s_ees[1]=entropy(Name$,T=T[1],P=P[1]) 

"At state 2" 

h_ees[2]=enthalpy(Name$,T=T[2],P=P[2]) 

s_ees[2]=entropy(Name$,T=T[2],P=P[2]) 

"Conservation of Energy, Steady-flow: " 

" E_d ot_i n = E_d ot_o u t" 

m_dot*(h_ees[1]+Vel[1] A 2/2*convert(m A 2/s A 2,kJ/kg))=m_dot*(h_ees[2]+Vel[2] A 2/2*convert(m A 2/s A 2,kJ/kg))+Q_d 

ot_out+W_dot_out_ees 

"Second Law analysis:" 

"S_dot_in-S_dot_out+S_dot_gen = 0" 

m_dot*s_ees[1] - m_dot*s_ees[2] - Q_dot_out/T_o + S_dot_gen_ees= 0 
"Exergy Destroyed:" 

X_dot_destroyed_ees = T_o*S_dot_gen_ees 
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p 2 

fkPal 

t 2 

[K1 

Woutchart 

[kW] 

Woutees 

[kW] 

VVoutideal 

[kW] 

Xdestroyedchart 

[kW] 

Xdestroyedees 

[kW] 

Xdestroyedideal 

[kW] 

1100 

450 

1822 

1836 

2097 

909.1 

905.7 

836 

200 

450 

1829 

1853 

2097 

620 

610.9 

550.1 

300 

450 

1837 

1871 

2097 

449.7 

434.4 

382.8 

400 

450 

1844 

1890 

2097 

327.9 

306.2 

264.1 

500 

450 

1852 

1909 

2097 

232.7 

204.2 

172 

600 

450 

1859 

1929 

2097 

154.3 

118.6 

96.79 

700 

450 

1867 

1950 

2097 

87.51 

44.06 

33.19 

800 

450 

1874 

1971 

2097 

29.18 

-22.56 

-21.9 

900 

450 

1882 

1994 

2097 

-22.7 

-83.47 

-70.5 



P[2] [kPa] 



P[2] [kPa] 
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12-98 An adiabatic storage tank that is initially evacuated is connected to a supply line that carries nitrogen. A valve is 
opened, and nitrogen flows into the tank. The final temperature in the tank is to be determined by treating nitrogen as an 
ideal gas and using the generalized charts, and the results are to be compared to the given actual value. 

Assumptions 1 Uniform flow conditions exist. 2 Kinetic and potential energies are negligible. 

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u , respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 

Mass balance: m m - m out = A m system m t = m 2 (since m out = m initial = 0) 


Energy balance: E in - E out = AE system -> 0 + m i h i = m 2 u 2 

Combining the two balances : u 2 = h\ 

(a) From the ideal gas property table of nitrogen, at 225 K we read 

u 2 = h t = h@ 225 k = 6,537 kJ /kmol 
The temperature that corresponds to this u 2 value is 
T 2 = 314.8 K (7.4% error) 

( b ) Using the generalized enthalpy departure chart, h x is determined to be 


Trj 


Prj 


T: 


T, 


cr 


R 


225 

126.2 

10 


P„ 3.39 


= 1.78 


= 2.95 


t Z h,i ~ 


ideal 

d nr 

1 cr 


= 0.9 (Fig. A-29) 


cr 


Thus, 

hi =/7, ideal - () - 9R u T cr = 6,537 - (0.9)(8.3 14)(l26.2) = 5,593 kJ/kmol 
and 

u 2 = h t = 5,593 kJ/kmol 



Try T 2 = 280 K. Then at P R2 = 2.95 and T R2 = 2.22 we read Z 2 = 0.98 and (h 2 ideal -h 2 )/ R u T cr = 0.55 
Thus, 

h 2 =h 2Mca] -0.55 RJ ct =8,141 -(0.55X8.314Xl26.2)= 7,564 kJ/kmol 
W 2 = h 2 -ZR u T 2 =7,564- (0.98X8.3 14X280) = 5,283 kJ/kmol 

Try T 2 = 300 K. Then at P R2 = 2.95 and T R2 = 2.38 we read Z 2 = 1.0 and {h 2 idea i ~h 2 )/ R U T CV = 0.50 

Thus, 

h 2 =h 2Mca] -0. 50 R u T cr =8,723- (0.50X8.3 14)(126.2)= 8,198 kJ/kmol 
u 2 = h 2 -ZR u T 2 =8, 198-(l.0X8.3 14)(300) = 5, 704 kJ/kmol 
By linear interpolation, 

T 2 = 294.7 K (0.6% error) 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 




12-76 


12-99E Methane is to be adiabatically and reversibly compressed in a steady-flow device. The specific work required for 
this compression is to be determined using the departure charts and treating the methane as an ideal gas with temperature 
variable specific heats. 

Properties The properties of methane are (Table A- IE) 

M = 16.043 lbm/lbmol, R = 0.1238 Btu/lbm • R, T cr = 343.9 R, P cr = 673 psia 

Analysis The temperature at the exit state may be determined by the fact that the process is isentropic and the molar 
entropy change between the inlet and exit is zero. When the expression of Table A-2Ec is substituted for c p and the 
integration performed, we obtain 


(L "Si) ideal =] C -f dT ~R H ln J- = \[f + b +cT + 


dT 


\ 


J 


P 2 

dT-R u In — 


P, 


r. 


d 


= a In + b(T 2 - T x ) + - (7? - ) + - (7? -T{)- R„ In 


r, 


2 


Pi 

R 


Substituting, 


,-5 


0 = 4.75 In + 0.006666(r 2 - 560)+ Q - Q9352xlQ (T ^ _ 560 2 ) 


0.4510x10- (r 3 _ 56o3) _ (L9858)ln 500 


3 ' ‘ ' ' '50 

Solving this equation by EES or an iterative solution gives 
T 2 = 892 R 

When en energy balance is applied to the compressor, it becomes 

2 2 

Win ={h 2 — *1 ) ideal = { c P dT = { (« +bT + cT 2 +dT 3 )dT 


500 psia 



50 psia 
100°F 


= c{t 2 -r t )+|(r 2 2 -t x 2 )+ c -{t 1 -T t 3 )+^(T 2 4 -t x a ) 


i-5 


= 4.75(892 - 560) + °' 00 ^ 666 (892 2 - 560 2 ) + Q - Q9352x10 (892 - _ 560 J ) 

2 3 

_ 04510x10^ (8924 _ 56q4) 


= 3290 Btu/lbmol 

The work input per unit mass basis is 

3290 Btu/lbmol 


w 


w- = 

vv m 


in 


205.1 Btu/lbm 


M 16.043 lbm/lbmol 

The enthalpy departures of propane at the specified states are determined from the generalized charts to be (Fig. A-29 or 
from EES) ’ 


and 


Trx = 


Pr\ ~ 


Tr2 ~ 


Pr2 ~ 


r, 


560 


T cr 343.9 


= 1.628 


P. 


P x _ 50 
~ 673 

T 7 892 


= 0.0743 


cr 


>Z M = 0.0332 


T cr 343.9 


= 2.594 


P i 500 


P„ 613 


= 0.743 


cr 


> Z h2 = 0.0990 


The work input is determined to be 

w m = h 2 ~h x =(h 2 ~h l ) ideal - RT CV (Z h 2 - Z hl ) 

= 205. 1 Btu/lbm - (0. 1238 Btu/lbm • R)(343.9 R)(0.0990 - 0.0332) 

= 202.3 Btu/lbm 
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12-100 The volume expansivity of water is given. The change in volume of water when it is heated at constant pressure is 
to be determined. 

Properties The volume expansivity of water is given to be 0.207xl0' 6 K 1 at 20°C. 

Analysis We take (/= T). Its total differential is 


dv = 


' dv'' 

yCT j 


dT + 


'dv'' 


P 


yCPy 


dP 


which, for a constant pressure process, reduces to 


dv = 


'ftp 

\ftp j P 


dT 


Dividing by v and using the definition of /?, 

dv \( ftp 
~8T 


V V 


dT = j3dT 


J 


p 


Taking ft to be a constant, integration from 1 to 2 yields 

In — = ^2 ~T\) 


or 


— = ex P [/?(r 2 - r, )] 

Substituting the given values and noting that for a fixed mass ( 4 / V\ = <^/«/ 1 , 
i/ 2 = Vi exp \j3(t 2 - T x )] = (o.5 m 3 )exp 


0.207 xl0“ 6 K _1 )f50-10)°C 


= 0.50000414 m 


Therefore, 

At/ = C/ 2 = 0.50000414 - 0.5 = 0.00000414 m 3 = 4.1 4 cm 3 
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12-101 



The work done by the refrigerant 134a as it undergoes an isothermal process in a closed system is to be 


determined using the tabular (EES) data and the generalized charts. 
Analysis The solution using EES built-in property data is as follows: 


T x = 40°C 
P x = 2 MPa 
T 2 = 40°C 


P 2 =0.1 MPa 


u x =106.37 kJ/kg 
s x =0.3916 kJ/kg.K 

u 2 = 264.25 kJ/kg 
s 2 =1.1 484 kJ/kg.K 


As EES = s 2 -s x =1.1484 -0.3916 = 0.7568 kJ/kg.K 


q EES =T x As ees =(40 + 273.15 K)(0.7568 kJ/kg.K) = 237.00 kJ/kg 
w EES = <7 ees ~( u 2 - ) = 237.00 - (264.25 - 106.37) = 79. 1 kJ/kg 
For the generalized chart solution we first determine the following factors using EES as 


Pr\ ~ 

Tri ~ 
Pri 


T x 313.2 


T cr 

374.2 

Px 

2 

P cr 

4.059 

Ti 

313.2 

T cr 

374.2 

Pi 

0.1 

P cr 

4.059 


0.8369 

> 

0.4927 

0.8369 
= 0.02464 


>Z, =0.08357, Z hx =4.82 and Z sl =5.147 


> Z 2 =0.9857, Z h2 =0.03396 and Z i2 =0.02635 


Then, 

A/?! = Z hx RT a = (4.82)(0.08148 kJ/kg.K)(374.2 K) = 146.97 kJ/kg 
Ajj = Z sl R = (5.147)(0.08148 kJ/kg.K) = 0.4194 kJ/kg.K 


A/? 2 = Z h2 RT cr =(0.03396)(0.08 148 kJ/kg.K)(374.2K) = 1.04 kJ/kg 
As 2 = Z s2 R = (0.02635X0.08 148 kJ/kg.K) = 0.002 147 kJ/kg.K 


A S: 


ideal 


= R\n Pl 


P, 


= (0.08148 kJ/kg.K)ln — = 0.2441 kJ/kg • K 


As chart = As ideal - (As 2 -Ajj) = 0.2441 -(0.002147 -0.4194) = 0.6613 kJ/kg K 
?chart = T, As chart =(40 + 273. 15 K)(0.6613 kJ/kg.K) = 207.09 kJ/kg 

Am chart = A ^ideal _ ( A ^2 ~ “ (^2^2 ~ ^ l RT l ) 

= 0 - (1.04 - 146.97) - [(0.9857)(0.08148)(3 13.2) - (0.08357)(0.08148)(313.2)] = 122.92 kJ/kg 
W'chart = 7 chart “ A «chart = 207.09 - 122.92 = 84.2 kJ/kg 


The copy of the EES solution of this problem is given next. 


"Input data" 

T_critical=T_CRIT(R1 34a) ”[K]" 
P_critical=P_CRIT(R1 34a) "[kpa]" 
T[1 ]=40+273.1 5"[K]" 

T[2]=T[1]"[K]" 

P[1]=2000"[kPa]" 
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P[2]=100"[kPa]" 

R_u=8.31 4"[kJ/kmol-K]" 

M=molarmass(R1 34a) 

R=R_u/M"[kJ/kg-K]" 

"***** SOLUTION USING EES BUILT-IN PROPERTY DATA *****" 

"For the isothermal process, the heat transfer is T*(s[2] - s[1]):" 
DELTAs_EES=(entropy(R134a,T=T[2],P=P[2])-entropy(R134a,T=T[1],P=P[1])) 
q_EES=T[1 ]*DELTAs_EES 

s_2=entropy(R134a,T=T[2],P=P[2]) 
s_1 =entropy(R1 34a,T=T[1 ],P=P[1 ]) 

"Conservation of energy for the closed system:" 

DELTAu_EES=intEnergy(R134a,T=T[2],p=P[2])-intEnergy(R134a,T=T[1],P=P[1]) 

q_EES-w_EES=DELTAu_EES 

u_1 =intEnergy(R1 34a,T=T[1 ],P=P[1 ]) 

u_2=intEnergy(R1 34a,T=T[2],p=P[2]) 

"***** COMPRESSABILITY CHART SOLUTION ******" 

"State 1 " 

T r[1 ]=T[1 ]/T_critical 
pr[1]=p[1]/p_critical 
Z[1]=COMPRESS(Tr[1], Pr[1]) 

DELTAh[1]=ENTHDEP(Tr[1], Pr[1])*R*T_critical"Enthalpy departure" 
Z_h1=ENTHDEP(Tr[1], Pr[1 ]) 

DELTAs[1]=ENTRDEP(Tr[1], Pr[1])*R "Entropy departure" 

Z_s1 =ENTRDEP(Tr[1], Pr[1]) 

"State 2" 

T r[2]=T[2]/T_critical 

Pr[2]=P[2]/P critical 

Z[2]=COMPRESS(Tr[2], Pr[2]) 

DELTAh[2]=ENTHDEP(Tr[2], Pr[2])*R*T_critical"Enthalpy departure" 
Z_h2=ENTHDEP(Tr[2], Pr[2]) 

DELTAs[2]=ENTRDEP(Tr[2], Pr[2])*R "Entropy departure" 

Z_s2=ENTRDEP(Tr[2], Pr[2]) 

"Entropy Change" 

DELTAs_ideal= -R*ln(P[2]/P[1 ]) 
DELTAs_chart=DELTAs_ideal-(DELTAs[2]-DELTAs[1]) 

"For the isothermal process, the heat transfer is T*(s[2] - s[1]):" 
q_chart=T[1]*DELTAs_chart 

"Conservation of energy for the closed system:" 

DELTAh_ideal=0 

DELTAu_chart=DELTAh_ideal-(DELTAh[2]-DELTAh[1])-(Z[2]*R*T[2]-Z[1]*R*T[1]) 

q_chart-w_chart=DELTAu_chart 
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SOLUTION 


DELTAh[1]=146.97 [kJ/kg] 

R=0. 08148 [kJ/kg-K] 

DELTAh[2]=1.04 [kJ/kg] 

R u=8.314 [kJ/kmol-K] 

DELTAh ideal=0 [kJ/kg] 

s 1=0.3916 

DELTAs[1]=0.4194 [kJ/kg-K] 

s 2=1.1484 [kJ/kg-K] 

DELTAs[2]=0. 002147 [kJ/kg-K] 

T[1 ]=31 3.2 [K] 

DELTAS chart=0.6613 [kJ/kg-K] 

T[2]=313.2 [K] 

DELTAS EES=0.7568 [kJ/kg-K] 

Tr[1]=0.8369 

DELTAS ideal=0.2441 [kJ/kg-K] 

Tr[2]=0.8369 

DELTAu chart=1 22.92 [kJ/kg] 

T critical=374.2 [K] 

DELTAu EES=1 57.9 [kJ/kg] 

u 1=106.37 

M=102 

u_2=264.25 [kJ/kg] 

P[1]=2000 [kPa] 

w chart=84. 18 [kJ/kg] 

P[2]=100 [kPa] 

w EES=79. 12 [kJ/kg] 

pr[1]=0.4927 

Z[1]=0. 08357 

Pr[2]=0. 02464 

Z[2]=0.9857 

P critical=4059 [kpa] 

Z h1=4.82 

q chart=207.09 [kJ/kg] 

Z h2=0. 03396 

q_EES=237.00 [kJ/kg] 

Z s1=5.147 
Z s2=0. 02635 
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12-102 The heat transfer, work, and entropy changes of methane during a process in a piston-cylinder device are to be 
determined assuming ideal gas behavior, using generalized charts, and real fluid (EES) data. 

Analysis The ideal gas solution: (Properties are obtained from EES) 

State 1: 

T x = 100°C >h x = -4492 kJ/kg 

T x = 100°C, P x = 4 MPa >s x = 10.22 kJ/kg.K 

u x =h x -RT X = (—4492) — (0.5 1 82)(1 00 + 273. 15) = -4685 kJ/kg 

(/ ! = R E = (0.5182 kJ/kg. K)f 100 + 273 - 15K l = 0 .04834 m 3 /kg 
1 Pi \ 4000 kPa 

State 2: 

T 2 = 350°C >h 2 =-3770 kJ/kg 

T 2 = 350°C, P 2 =4 MPa >s 2 = 1 1.68 kJ/kg.K 

u 2 = h 2 -RT 2 = (-3770) -(0.51 82)(350 + 273.15) = -4093 kJ/kg 

T ( 2S0 + 272 H K ) 

i/ 2 =R-1- = (0.5182 kJ/kg.K) = 0.08073 m 3 /kg 

P 2 \ 4000 kPa ) 

w ideal = p ( v 2 - Vi ) = (4000 kPa)(0. 08073 - 0.04834)m 3 /kg = 1 29.56 kJ/kg 
*7 ideal = w ideal + (u 2 - «J ) = 129.56 + [(-4093) - (-4685)] = 721 .70 kJ/kg 
As ideal = S 2 - Si = 1 1.68 - 10.22 = 1 .46 kJ/kg 
For the generalized chart solution we first determine the following factors using EES as 

Z x =0.9023, Z hX =0.4318 and Z sl =0.2555 

Tr2= — = = 2.048 

T 304 2 

cr ‘ [ > Z 2 = 0.995, Z h2 = 0.1435 and Z s2 = 0.06446 

P R2 = — = 0.5413 
P cr 7.39 

State 1: 

A h x =Z hl RT cr = (0.4318)(0.5182 kJ/kg.K)(304.2 K) = 68.07 kJ/kg 
>h = \ ideal - A/i, = (-4492) - 68.07 = -4560 kJ/kg 
u | =h x -Z x RT x = (-4560) — (0.9023)(0.5 1 82)(373. 15) = -4734 kJ/kg 

T 7 72'772 1 C 

c/, = Z X R -A- = (0.9023)(0.5182) — — = 0.04362 m 3 /kg 
Pi 4000 

Asj = Z s i7? = (0.2555)(0.5 1 82 kJ/kg.K) = 0.1324 kJ/kg.K 
Ji =.S|, idc ai “As, =10.22 -0.1324 = 10.09 kJ/kg.K 

State 2: 

A h 2 = Z h2 RT CY =(0.1435)(0.51 82 kJ/kg.K)(304.2 K) = 22.62 kJ/kg 
h = ^ 2 . ideal “ = (-3770) - 22.62 = -3793 kJ/kg 
» 2 =h 2 -Z 2 RT 2 = (-3793)-(0.995)(0.5182)(623.15) = -41 14 kJ/kg 
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12-82 


c / 2 


= Z ? R — 
p 2 


(0.995)(0.5182) 


623.15 

4000 


0.08033 m 3 /kg 


As, = Z s2 R = (0.06446)(0.5 1 82 kJ/kg.K) = 0.03341 kJ/kg.K 
.s 2 ideal -As, = 1 1 .68 - 0.0334 1 = 1 1 .65 kJ/kg.K 


Then, 

w chart =P(V 2 - 1 /;) = (4000 kPa)(0.08033-0.04362)m 3 /kg = 1 46.84 kj/kg 
Dehart = w chart + (« 2 -U\) = 146.84 + [(-41 14) -(-4734)] = 766.84 kJ/kg 
As ch art =j 2 -«1 =11- 65 -10.09 = 1.56 kJ/kg 


The solution using EES built-in property data is as follows: 


, i/, = 0.04717 m 3 /kg 

r,=ioo°c 

U, =-39.82 kJ/kg 

P, =4 MPa 

1 J sj =-1.439 kJ/kg.K 


T 2 = 350°C 2 

'U 2 

P 2 = 4 MPa 2 

s 2 


0.08141 m 3 /kg 
564.52 kJ/kg 
0.06329 kJ/kg.K 


vv EES = P(y 2 -v x ) = (4000 kPa)(0. 08141 - 0.04717)m 3 /kg = 1 36.96 kJ/kg 
q EES - w EES + (u 2 -M t ) = 136. 97 + [564. 52 -(-39. 82)] = 741.31 kJ/kg 
As ees = s 2 - sj = 0.06329 - (-1 .439) = 1 .50 kJ/kg 
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12-83 


12-103E Methane is compressed steadily. The entropy change and the specific work required are to be determined using the 
departure charts and the property tables. 

Properties The properties of methane are (Table A- IE) 

M = 16.043 lbm/lbmol, T cr = 343.9 R, P cr = 673 psia, c p = 0.532 Btu/lbm • R, R = 0.1238 Btu/lbm • R 

Analysis (a) Using empirical correlation for the c p of methane as given in Table A-2Ec gives 


h 2 -/?! = \c p dT = ^{a + bT + cT 2 +dT 3 )dT 

= a(T 2 -r,)+|(r 2 2 -T 3 ) + L -(T 3 -t 3 )+^(t 2 4 - t 1 4 ) 

,-2 


500 psia 
1 100°F 


,-5 


= 4.750(1000) 4 . °- 6666x10 ~ (1560 2 - 560 2 ) t «-°«52xl0 3 _ %0 , ) 


+ 


-0.4510x10 


-9 


2 


(1560 4 -560 4 ) 


= 12,288 Btu/lbmol-R 

The work input is equal to the enthalpy change. The enthalpy change per unit mass is 

h 2 - h x 12,288 Btu/lbmol 



50 psia 
100°F 


w in =h 2 ~h x = 

M 16.043 lbm/lbmol 
Similarly, the entropy change is given by 


= 765.9 Btu/lbm 


(*2-Sl)ideal =\ C ~Y d T- R U = \ 
1 1 1 


a 


-R ln^-= — \-b + cT + dT 


T 


\ 


J 


P, 

dT -R u In — 


P 


77 


P, 


= a \n^ + b(T 2 -T l )+^-(Ti -T^ + Ut 3 -T 3 )-R u In' 2 


T, 


2 


Pi 

-5 


= 4.750 In + 0.6666 x 10' 2 (1560 - 560) + °- 09352xlQ ( 156Q 4 _ 560 - } 


+ 


560 
-0.4510x10 


2 


(1560 3 — 560 3 ) — (1.9858) In 


500 

50 


= 7.407 Btu/lbmol-R 
The entropy change per unit mass is 

(s 2 - s x ) ideal 7.407 Btu/lbmol • R 


(■*2 -■*!) 


ideal 


0.4617 Btu/lbm R 


M 16.043 lbm/lbmol 

(b) The enthalpy and entropy departures of water vapor at the specified states are determined from the generalized charts to 
be (Figs. A-29, A-30 or from EES. We used EES.) 


Tr 1 = 


Pr\ ~ 


and 


Pri ~ 


Pr2 ~ 


T 

560 

T a 

343.9 

p \ 

_ 50 _ 

Tr 

673 

T 2 

_ 1560 

Tr 

343.9 

P 2 

_ 500 _ 


= 1.63 


= 0.0743 


->Z M =0.03313 and Z d =0.01617 


= 4.54 


Per 673 


■» Z h2 =0 and Z s2 = 0.00695 


The work input and entropy changes are 

w in =^2 ~h\= (^2 “ h\ ) ideal “ P^cr ( Z h2 ~ Z h\ ) 

= 765.9 - (0. 1238)(343.9)(0 - 0.033 13) = 767.4 Btu/lbm 

*^2 “^l = (*^2 — ^1 ) ideal ~ P( Z s2 ~ Z s\ ) 

= 0.4617 - (0.1238)(0.00695 - 0.01617) = 0.4628 Btu/lbm • R 
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12-104E Methane is compressed in a steady-flow device. The second-law efficiency of the compression process is to be 
determined. 

Analysis The reversible work input to the compressor is determined from 

w rev =h 2 -h l ~T 0 (s 2 - s x ) = 161 A Btu/lbm- (537 R)(0.4628 Btu/lbm -R) = 518.8 Btu/lbm 

The second-law efficiency of the compressor is 


*7ii = 


w 


rev 


^actual 


CIO o 

— — — = 0.676 = 67.6% 
161 A 
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Fundamentals of Engineering (FE) Exam Problems 


12-85 


12-105 A substance whose Joule-Thomson coefficient is negative is throttled to a lower pressure. During this process, 
(select the correct statement) 

(a) the temperature of the substance will increase. 

(b) the temperature of the substance will decrease. 

(c) the entropy of the substance will remain constant. 

(d) the entropy of the substance will decrease. 

(e) the enthalpy of the substance will decrease. 

Answer (a) the temperature of the substance will increase. 


12-106 Consider the liquid-vapor saturation curve of a pure substance on the P-T diagram. The magnitude of the slope of 
the tangent line to this curve at a temperature T (in Kelvin) is 

(a) proportional to the enthalpy of vaporization h fg at that temperature, 

(b) proportional to the temperature T, 

(c) proportional to the square of the temperature T, 

(d) proportional to the volume change Vf g at that temperature, 

(e) inversely proportional to the entropy change Sf g at that temperature, 

Answer (a) proportional to the enthalpy of vaporization hf g at that temperature, 


12-107 Based on the generalized charts, the error involved in the enthalpy of CO 2 at 300 K and 5 MPa if it is assumed to be 
an ideal gas is 

(a) 0 (b) 9% (c) 16% (d) 22% (e) 27% 

Answer (e) 27% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T=300 "K" 

P=5000 "kPa" 

Pcr=P_CRIT(CarbonDioxide) 

Tcr=T_CRIT(CarbonDioxide) 

Tr=T/Tcr 

Pr=P/Pcr 

hR=ENTHDEP(Tr, Pr) 

h_ideal=1 1351/Molarmass(C02) "Table A-20 of the text" 

h_chart=h_ideal-R*Tcr*hR 

R=0.1 889 

Error=(h_chart-h_ideal)/h_chart*Convert(, %) 
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12-108 Based on data from the refrigerant- 134a tables, the Joule-Thompson coefficient of refrigerant- 134a at 0.8 MPa and 
100°C is approximately 

(a) 0 (b) -5°C/MPa (c) 1 l°C/MPa (d) 8°C/MPa (e) 26°C/MPa 

Answer (c) ll°C/MPa 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T1=100 "C" 

PI =800 "kPa" 

hi =ENTHALPY(R1 34a,T=T1 ,P=P1 ) 
Tlow=TEMPERATURE(R134a,h=h1 ,P=P1+100) 
Thigh=TEMPERATURE(R1 34a,h=h1 ,P=P1 -1 00) 
JT=(Tlow-Thigh)/200 


12-109 For a gas whose equation of state is P(v- b) = RT, the specific heat difference c p - c„ is equal to 
(a ) R (b )R-b (c )R + b (d) 0 (e) 7?(1 + t//6) 

Answer (a) R 


Solution The general relation for the specific heat difference c p - c v is 

v -> , 

dv 


c — c = —T 

u p ^ V x 




dT 




p\dv 


For the given gas, P(v-b) = RT. Then, 


RT , 
v = + b 


P = 


P 

RT 


\dT y p 


\dl 9 j t 


R 

P 


RT 


(i '-by 


P 

c 7-b 


Substituting, 



= -T 


f R ) 

L 

f P l 

UJ 


l v~b) 


TR 2 

P(v-b) 


12-110 ■■■ 12-112 Design and Essay Problems 
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Composition of Gas Mixtures 


13-2 


13- 1C The ratio of the mass of a component to the mass of the mixture is called the mass fraction (mf), and the ratio of the 
mole number of a component to the mole number of the mixture is called the mole fraction (y). 


13-2C The mass fractions will be identical, but the mole fractions will not. 


13-3C Yes. 


13-4C Yes, because both C0 2 and N 2 0 has the same molar mass, M = 44 kg/kmol. 


13-5C No. We can do this only when each gas has the same mole fraction. 


13-6C It is the average or the equivalent molar mass of the gas mixture. No. 


13-7 From the definition of mass fraction, 


mf ; = 


m, 


m 


m 


NjMj 

N m M m 


= )’« 


' M, ' 

y M m , 
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13-8 A mixture consists of two gases. Relations for mole fractions when mass fractions are known are to be obtained . 
Analysis The mass fractions of A and B are expressed as 


13-3 


mf a = 


m 


N a M 


m m N m M m 


= yA 


M 

M 


A 


m 


and 


mf B = y B 


M 

M 


B 


m 


Where m is mass, M is the molar mass, N is the number of moles, and y is the mole fraction. The apparent molar mass of the 
mixture is 


m m 

M ... = — 

m 


n a m a +n b m b 


N 


m 


N 


= y A M A + y B M 


B 


m 


Combining the two equation above and noting that + y B =1 gives the following convenient relations for converting 
mass fractions to mole fractions, 


Ja = 


M 


B 




and y B =l~y A 


which are the desired relations. 


13-9 The definitions for the mass fraction, weight, and the weight fractions are 

m- 

(mf), = — 


m total 

W = mg 
W; 


(wf), = 


W, 


total 


Since the total system consists of one mass unit, the mass of the ith component in this mixture is ra ; . The weight of this one 
component is then 

w, =g(mf)i 


Hence, the weight fraction for this one component is 


(wf),. 


g(mf),- 

XgM),- 


(mf) ; 
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13-4 


13-10E The moles of components of a gas mixture are given. The mole fractions and the apparent molecular weight are to 
be determined. 

Properties The molar masses of He, 0 2 , N 2 , and H 2 0 are 4.0, 32.0, 28.0 and 18.0 lbm/lbmol, respectively (Table A-l). 
Analysis The total mole number of the mixture is 

N m = AV + N Q2 + N mo + N m = 3 + 1 .5 + 0.3 + 2.5 = 7.3 lbmol 
and the mole fractions are 


y He 

y 02 

ymo 

y N2 


N 


He 


N 


m 


N 


02 


N 


m 


N 


H20 


N 


N 


m 


N2 


N 


m 


3 lbmol 
7.3 lbmol~ 

1.5 lbmol 
7.3 lbmol _ 

0.3 lbmol 
' 7.3 lbmol 

2.5 lbmol 
7.3 lbmol" 


0.411 

0.206 


= 0.0411 


0.343 


The total mass of the mixture is 


3 lbmol He 

1.5 lbmol 0 2 
0.3 lbmol H 2 0 

2.5 lbmol N 2 


m m = m He + m 02 + m H20 + + m N2 

= A^ He M He + N q 2 M 02 + N mo M m o + ^N2-^N2 

= (3 lbm)(4 lbm/lbmol) +(1.5 lbm)(32 lbm/lbmol) + (0.3 lbm)( 1 8 lbm/lbmol) + (2.5 lbm)(28 lbm/lbmol) 
= 135.4 lbm 


Then the apparent molecular weight of the mixture becomes 

7.3 lbmol 
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13-5 


13-11 The masses of the constituents of a gas mixture are given. The mass fractions, the mole fractions, the average molar 
mass, and gas constant are to be determined. 

Properties The molar masses of 0 2 , N 2 , and C0 2 are 32.0, 28.0 and 44.0 kg/kmol, respectively (Table A-l) 

Analysis ( a ) The total mass of the mixture is 

m m = m 0i + m N2 + m COi = 5 kg + 8 kg + 10 kg = 23 kg 


Then the mass fraction of each component becomes 


mf o, = 


mf N , = 


m 


o 


m 


m 


m 


N- 


m 


m 


mf 


m 


co 


co- 


rn 


m 


5 kg 
23 kg 

8 kg 
23 kg 

10 kg 
"23 kg 


= 0.217 


= 0.348 


= 0.435 



(, b ) To find the mole fractions, we need to determine the mole numbers of each component first, 

m Q 5 ks 

N a =—^ = ^ = 0.156 kmol 

2 M 0o 32 kg/kmol 

m N gVa 

N n = - = ^ = 0.286 kmol 

2 M n ^ 28 kg/kmol 

N co = n ^- = — — = 0.227 kmol 
m co ^ 44 kg/kmol 

Thus, 

N m =N q ^ + A N2 +N COi = 0.1 56 kmol +0.286 kmol +0.227 kmol = 0.669 kmol 
and 


^02 

^n 2 

^co. 


N 


o 2 0.156 kmol 


N m 

0.699 kmol 

N Nl 

0.286 kmol 

N m 

0.669 kmol 

<N 

O 

U 

0.227 kmol 


N m 0.669 kmol 


(c) The average molar mass and gas constant of the mixture are determined from their definitions: 


M m = — = _ 23kg — = 34.4 kg/kmol 
N m 0.669 kmol 

and 



R. 


M 


m 


8.314kJ/kmokK 
34.4 kg/kmol 


0.242 kj/kg K 
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13-6 


13-12 The mass fractions of the constituents of a gas mixture are given. The mole fractions of the gas and gas constant are 
to be determined. 

Properties The molar masses of CH 4 , and C0 2 are 16.0 and 44.0 kg/kmol, respectively (Table A-l) 

Analysis For convenience, consider 100 kg of the mixture. Then the number of moles of each component and the total 
number of moles are 


m CH 4 ~ 75 kg > ^ch 4 


m 


CH 


75 kg 


m co, = 25 kg > N 


M CH 16 kg/kmol 
25 kg 


= 4.688 kmol 


m co 


CO- 


M co 44 kg/kmol 


= 0.568 kmol 


N m = N ch +/V co = 4.688 kmol + 0.568 kmol = 5.256 kmol 


m 


Then the mole fraction of each component becomes 
N ch, 4.688 kmol 


y ch 


N 


m 


5.256 kmol 


= 0.892 or 89.2% 


N co, 0.568 kmol 

y co ^ = —^ = = 0.108 or 10 . 8 % 


N 


m 


5.256 kmol 


mass 

75% CH 4 
25% C0 2 


The molar mass and the gas constant of the mixture are determined from their definitions, 


M = — 

m 


100 kg 


N 


m 


and 


R u 

R.„ = 11 


m 


M 


m 


5.256 kmol 

8.314 kJ/kmol-K 
19.03 kg/kmol 


= 19.03 kg/kmol 


= 0.437 kJ/kg-K 


13-13 The mole numbers of the constituents of a gas mixture are given. The mass of each gas and the apparent gas constant 
are to be determined. 

Properties The molar masses of H 2 , and N 2 are 2.0 and 28.0 kg/kmol, respectively (Table A-l) 

Analysis The mass of each component is determined from 

N u 2 = 5 kmol > m Ho = N H ^ M = (5 kmol)(2.0 kg/kmol) = 1 0 kg 

N n 2 =4 kmol > m No - (4 kmol)(28 kg/kmol) = 1 1 2 kg 

The total mass and the total number of moles are 

m m = m Hi + m Ni = 10 kg + 1 12 kg = 122 kg 
N m = N n n + N n ^ = 5 kmol + 4 kmol = 9 kmol 

The molar mass and the gas constant of the mixture are determined from their definitions, 

M =^ = = i 3 . 5 6 kg/kmol 

N m 9 kmol 

and 

g 3^ = 8.314kJ/kmol-K , „ 6 , 3 kJ;k . K 
M m 13.56 kg/kmol 


5 kmol H 2 
4 kmol N 2 
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13-14 The mass fractions of the constituents of a gas mixture are given. The volumetric analysis of the mixture and the 
apparent gas constant are to be determined. 

Properties The molar masses of 0 2 , N 2 and C0 2 are 32.0, 28, and 44.0 kg/kmol, respectively (Table A-l) 

Analysis For convenience, consider 100 kg of the mixture. Then the number of moles of each component and the total 
number of moles are 


m Qi = 20 kg 
m Ni = 20 kg 

m co 2 = 50 k g 


= 


■>A+ = 


m 


O- 


20 kg 


M 


o 


m 


N- 


M 


N- 


32 kg/kmol 
30 kg 

28 kg/kmol 


= 0.625 kmol 


= 1.071 kmol 


■> N 


m 


co 


co 


M 


co 


50 kg 
44 kg/kmol 


= 1.136 kmol 


mass 

20 % 0 2 
30% N 2 
50% C0 2 


N m =N 0i + /V No + A co , =0.625 + 1.07 1 + 1. 136 = 2.832 kmol 
Noting that the volume fractions are same as the mole fractions, the volume fraction of each component becomes 



/Vq 2 

0.625 kmol ^ ^ 4 ^ 

)’n = 


= 0.221 or 22.1% 

* yJ 2 

N m ~ 

2.832 kmol 



1.071 kmol _ 

y N = 



= 0.378 or 37.8% 

* i>i 2 

N,„ “ 

2.832 kmol 


n co 2 

1.136 kmol ^ _ 

^COt : 


= =0.401 or 40.1% 

^ GV_/ 2 

N t „ 

2.832 kmol 


The molar mass and the gas constant of the mixture are determined from their definitions, 


M 

m 


100 kg 


AL 2.832 kmol 


= 35.31 kg/kmol 


m 


and 


R u 

= 11 


m 


M 


m 


8.314 kJ/kmol-K 
35.31 kg/kmol 


= 0.235 kj/kg K 
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13-8 


P-v-T Behavior of Gas Mixtures 


13-15C Normally yes. Air, for example, behaves as an ideal gas in the range of temperatures and pressures at which 
oxygen and nitrogen behave as ideal gases. 


13-16C The pressure of a gas mixture is equal to the sum of the pressures each gas would exert if existed alone at the 
mixture temperature and volume. This law holds exactly for ideal gas mixtures, but only approximately for real gas 
mixtures. 


13-17C The volume of a gas mixture is equal to the sum of the volumes each gas would occupy if existed alone at the 
mixture temperature and pressure. This law holds exactly for ideal gas mixtures, but only approximately for real gas 
mixtures. 


13-18C The P-v-T behavior of a component in an ideal gas mixture is expressed by the ideal gas equation of state using 
the properties of the individual component instead of the mixture, Pm = RjT h The P-v-T behavior of a component in a real 
gas mixture is expressed by more complex equations of state, or by Pm = ZfciTi , where Z, is the compressibility factor. 


13-19C Component pressure is the pressure a component would exert if existed alone at the mixture temperature and 
volume. Partial pressure is the quantity y,P m , where y, is the mole fraction of component i. These two are identical for ideal 
gases. 


13-20C Component volume is the volume a component would occupy if existed alone at the mixture temperature and 
pressure. Partial volume is the quantity y t {/ m , where y z is the mole fraction of component i. These two are identical for ideal 
gases. 


13-21 C The one with the highest mole number. 


13-22C The partial pressures will decrease but the pressure fractions will remain the same. 


13-23C The partial pressures will increase but the pressure fractions will remain the same. 


13-24C No. The correct expression is “the volume of a gas mixture is equal to the sum of the volumes each gas would 
occupy if existed alone at the mixture temperature and pressure.” 
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13-25C No. The correct expression is “the temperature of a gas mixture is equal to the temperature of the individual gas 
components.” 


13-26C Yes, it is correct. 


13-27C With Kay's rule, a real-gas mixture is treated as a pure substance whose critical pressure and temperature are 
defined in terms of the critical pressures and temperatures of the mixture components as 

P' = V y.p . and T' =Y vT 

cr ,m / j y i cr ,i x cr ,m / A j i cr ,i 

The compressibility factor of the mixture (Z m ) is then easily determined using these pseudo-critical point values. 


13-28 The partial pressure of R-134a in atmospheric air to form a 100-ppm contaminant is to be determined. 
Analysis Noting that volume fractions and mole fractions are equal, the molar fraction of R-134a in air is 

■Wa =^ = 0.0001 
10 6 

The partial pressure of R-134a in air is then 

1 34a =y R 134a^« = (0.000 1)(100 kPa) = 0.01 kPa 


13-29 A tank contains a mixture of two gases of known masses at a specified pressure and temperature. The mixture is now 
heated to a specified temperature. The volume of the tank and the final pressure of the mixture are to be determined. 

Assumptions Under specified conditions both Ar and N 2 can be treated as ideal gases, and the mixture as an ideal gas 
mixture. 


Analysis The total number of moles is 

N m = N Ar + N n ^ = 0.5 kmol + 2 kmol = 2.5 kmol 
and 

N m R u T m (2.5 kmol)(8.314 kPa • m 3 /kmol • K)(280 K) 


0.5 kmol Ar 
2 kmol N 2 


1 / = 

m 


P, 


m 


250 kPa 


= 23.3 m 


Also, 


Q 


y 


280 K 
250 kPa 


Pi * 2 _ m 
t 2 r, 




T 9 ^ 400 K 


T x 280 K 


(250 kPa) = 357.1 kPa 
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13-30 The volume fractions of components of a gas mixture are given. The mass fractions and apparent molecular weight 
of the mixture are to be determined. 


Properties The molar masses of H 2 , He, and N 2 are 2.0, 4.0, and 28.0 kg/kmol, respectively (Table A-l). 

Analysis We consider 100 kmol of this mixture. Noting that volume fractions are equal to the mole fractions, mass of each 
component are 


m m - N m M m ~ (30 kmol)(2 kg/kmol) = 60 kg 
ra He = /V He M He = (40 kmol)(4 kg/kmol) = 160 kg 
m m =N m M m = (30 kmol) (28 kg/kmol) = 840 kg 

The total mass is 

m m = m m + m He + N m = 60 + 160 + 840 = 1060 kg 
Then the mass fractions are 


mf H2 = 


m 


H2 


m 


m 


mf He = 


m 


He 


m 


m 


mf N2 = 


m 


N2 


m 


m 


60 kg 
1060 kg 
160 kg 
1060 kg 
840 kg 
1060 kg 


0.05660 

0.1509 

0.7925 


30% H 2 
40% He 
30% N 2 
(by volume) 


The apparent molecular weight of the mixture is 


M 


m 


22l, 1060t 8 ^10.60 kg/kmol 
N m 100 kmol 
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13-31 The partial pressures of a gas mixture are given. The mole fractions, the mass fractions, the mixture molar mass, the 
apparent gas constant, the constant- volume specific heat, and the specific heat ratio are to be determined. 

Properties The molar masses of C0 2 , 0 2 and N 2 are 44.0, 32.0, and 28.0 kg/kmol, respectively (Table A-l). The constant- 
volume specific heats of these gases at 300 K are 0.657, 0.658, and 0.743 kJ/kg-K, respectively (Table A-2a). 

Analysis The total pressure is 


^totai = Pc 02 + Po2 + ^N2 = 12-5 + 37.5 + 50 = 100 kPa 

The volume fractions are equal to the pressure fractions. Then, 

_ Pco2 _ 12.5 _ n 10 c 
yc 02 _ - - O.i 25 


R 


total 


R 


y 02 - 


y N2 - 


02 


100 

37.5 


^total 100 


= 0.375 


R 


N2 


R 


total 


50 

100 


= 0.50 


Partial 
pressures 
C0 2 , 12.5 kPa 
0 2 , 37.5 kPa 
N 2 , 50 kPa 


We consider 100 kmol of this mixture. Then the mass of each component are 

m c 02 = N 002^002 = (12-5 kmol)(44 kg/kmol) = 550 kg 
m Q 2 = N 02 M 02 = (37.5 kmol)(32 kg/kmol) = 1200 kg 
m m = N m M N2 = (50 kmol)(28 kg/kmol) = 1400 kg 

The total mass is 

m tn = m m + m 02 + m Ar = 550 + 1200 + 1400 = 3 150 kg 
Then the mass fractions are 


mf C0 2 



mf N2 


m co 2 550 kg 



~ 3150 kg 

m 02 

_ 1200 kg 

m rn 

3150 kg 

m N2 

1400 kg 


m m 3150 kg 


= 0.1746 

0.3810 

0.4444 


The apparent molecular weight of the mixture is 

M = m y^= 3150 kg = 31 .50 kg/kmol 
N m 100 kmol 


The constant- volume specific heat of the mixture is determined from 

c v = m ^Co2 C v,C02 +m ^02 c v,02 + N2 C v,N2 

= 0. 1746 X 0.657 + 0.38 10 x 0.658 + 0.4444 x 0.743 

= 0.6956 kJ/kg-K 


The apparent gas constant of the mixture is 

8.314 kJ/kmol-K 


R u 

R = — — 


= 0.2639 kJ/kg K 


M m 3 1.50 kg/kmol 

The constant-pressure specific heat of the mixture and the specific heat ratio are 
Cp=Cv + R = 0.6956+0.2639 = 0.9595 kJ/kg ■ K 


_ 0-9595 kJ/kg-K _ 1 37Q 
c v 0.6956 kJ/kg-K 
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13-32 The mole numbers of combustion gases are given. The partial pressure of water vapor is to be determined. 
Analysis The total mole of the mixture and the mole fraction of water vapor are 
N ^ai = 0.75 + 1.66 + 5.65 = 8.06 kmol 


y H20 ” 


N H2Q 
N total 


1.66 

8.06 


0.2060 


Noting that molar fraction is equal to pressure fraction, the partial pressure of water vapor is 
P\\io ~ y H 20 ^totai (0.2060)(101.3 kPa) = 20.86 kPa 


13-12 


13-33 An additional 5% of oxygen is mixed with standard atmospheric air. The molecular weight of this mixture is to be 
determined. 

Properties The molar masses of N 2 and 0 2 are 28.0 and 32.0 kg/kmol, respectively (Table A-l). 

Analysis Standard air is taken as 79% nitrogen and 21% oxygen by mole. That is, 

J02 ~ 0-21 
3 7 N2 ~ 0.79 


Adding another 0.05 moles of 0 2 to 1 kmol of standard air gives 


y 02 

ym 


0.26 

1.05 

0.79 

1.05 


0.2476 

0.7524 


Then, 

M m = y Q2 M 02 + y m M N2 = 0.2476 x 32 + 0.7524 x 28 = 28.99 kg/kmol 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



13-13 


13-34 The masses, temperatures, and pressures of two gases contained in two tanks connected to each other are given. The 
valve connecting the tanks is opened and the final temperature is measured. The volume of each tank and the final pressure 
are to be determined. 

Assumptions Under specified conditions both N 2 and 0 2 can be treated as ideal gases, and the mixture as an ideal gas 
mixture 


Properties The molar masses of N 2 and 0 2 are 28.0 and 32.0 kg/kmol, respectively. The gas constants of N 2 and 0 2 are 
0.2968 and 0.2598 kPa-m 3 /kg-K, respectively (Table A-l). 

Analysis The volumes of the tanks are 


Also, 


Thus, 




Ku = 


/ mRT 


P 


mRT 

P 


/ N- 


O- 


(2 kg)(0.2968 kPa • nr Vkg • K)(298 K) _ Q ^ m3 
550 kPa ' m 

(4 kg)(0.2598 kPa • m 3 /kg • K)(298 K) ^ ^ m3 
150 kPa ' m 



l/ tota i = P'n. + t'n = 0.322 m 3 + 2.065 m 3 = 2.386 m 3 


O- 


n n . = 


m 


N- 


2 kg 


M n 28 kg/kmol 


= 0.07143 kmol 


N 0 - = 


m 


o- 


4 kg 


M 0 32 kg/kmol 


= 0.125 kmol 


N„ = N n + N 0 = 0.07 143 kmol + 0. 125 kmol = 0. 1964 kmol 


m 


P = 

m 


' NR U T ' 

V 


m 


(0.1964 kmol)(8.314 kPa • m 3 /kmol • K)(298 K) 

2.386 m 3 


= 204 kPa 
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13-35 The masses of components of a gas mixture are given. The apparent molecular weight of this mixture, the volume it 
occupies, the partial volume of the oxygen, and the partial pressure of the helium are to be determined. 

Properties The molar masses of 0 2 , C0 2 , and He are 32.0, 44.0, and 4.0 kg/kmol, respectively (Table A-l). 

Analysis The total mass of the mixture is 

m m = m Q2 + m co 2 + m He = 0- 1 + 1 + 0.5 = 1 .6 kg 

The mole numbers of each component are 

m ni 0.1kg 

N m = — — = - — = 0.003 1 25 kmol 

M 02 32 kg/kmol 

N CQ2 = -^C02_ = = 0.02273 kmol 

M C02 44 kg/kmol 

°- 5t 8 ,0.1 25 kmol 

M He 4 kg/kmol 

The mole number of the mixture is 

N m = N 02 +N C02 +N He = 0.003125 + 0.02273 + 0.125 = 0.15086 kmol 
Then the apparent molecular weight of the mixture becomes 

M =^HL = = 10.61 kg/kmol 

N m 0.15086 kmol 


0. 1 kg 0 2 
1 kg C0 2 
0.5 kg He 


The volume of this ideal gas mixture is 


N m R u T 

P 


(0. 1509 kmol) (8. 3 14 kPa • m 3 /kmol - K)(300 K) _ 7g4 m3 

lOOkPa 


The partial volume of oxygen in the mixture is 


^02 “ y 02 Kw _ 


N 


02 


N 


1 / = 


m 


m 


0.003125 kmol 
0.1509 kmol 


(3.764 m 3 ) = 0.07795 m 


The partial pressure of helium in the mixture is 

Pne = 3' He Pyn = — P m = (100 kPa) = 82.84 kPa 


N 


m 


0.1509 kmol 
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13-36 The mass fractions of components of a gas mixture are given. The volume occupied by 100 kg of this mixture is to be 
determined. 

Properties The molar masses of CH 4 , C3H 8 , and C4H10 are 16.0, 44.0, and 58.0 kg/kmol, respectively (Table A-l). 

Analysis The mole numbers of each component are 

60 kg 


N 
N 
N 


m 


CH4 


CH4 


C3H8 


M CR4 16 kg/kmol 

_ m C3H8 _ 25 kg 


M C3H8 44 kg/kmol 

'»C4H10 15 kg 


C4H10 


= 3.75 kmol 
= 0.5682 kmol 
= 0.2586 kmol 


M c 4 hio 58 kg/kmol 
The mole number of the mixture is 

N m = N cm + N C3m + A/ C4 hio = 3-75 + 0.5682 + 0.2586 = 4.5768 kmol 
The apparent molecular weight of the mixture is 
m,„ 100 kg 


M m = 


N m 4.5768 kmol 


= 21.85 kg/kmol 


60% CH 4 
25% C 3 H 8 
15% C 4 H 10 
(by mass) 


Then the volume of this ideal gas mixture is 

N m R u T (4.5768 kmol)(8.314 kPa • m 3 /kmol- K)(310 K) 3 

\r ,,, ^3 ■ 

P 3000 kPa 
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Q 

13-37E The mass fractions of components of a gas mixture are given. The mass of 7 ft of this mixture and the partial 
volumes of the components are to be determined. 

Properties The molar masses of N 2 , 0 2 , and He are 28.0, 32.0, and 4.0 lbm/lbmol, respectively (Table A- IE). 

Analysis We consider 100 lbm of this mixture for calculating the molar mass of the mixture. The mole numbers of each 
component are 


Nm- 


ol 


N2 


45 lbm 


Nq2 ~ 


m N2 

m 02 


M 


02 




m 


He 


28 lbm/lbmol 
35 lbm 
32 lbm/lbmol 
20 lbm 


= 1.607 lbmol 
= 1.094 lbmol 


M 


He 


4 lbm/lbmol 


= 5 lbmol 



The mole number of the mixture is 


N m = N m + N 02 + N He =1-607 + 1.094 + 5 = 7.701 lbmol 
The apparent molecular weight of the mixture is 


M = — 

m 


100 lbm 


= 12.99 lbm/lbmol 


N m 7.701 lbmol 


Then the mass of this ideal gas mixture is 


PMjn 

R U T 


(300psia)(7 ft 3 )( 12.99 lbm/lbmol) = 4 QQ? |bm 
(10.73 psia • ft' 3 /lbmol • R)(520 R) 


The mole fractions are 


N 


y N2 
^02 
y He “ 


N2 


1.607 lbmol 


N m 

7.701 lbmol 

_ N 02 

_ 1.094 lbmol 

N m 

"" 7.701 lbmol 

_ Nile 

5 lbmol 


N 


m 


7.701 lbmol 


0.2087 

0.142 

0.6493 


Noting that volume fractions are equal to mole fractions, the partial volumes are determined from 
V m = ywV,,, = (0.2087X7 ft 3 ) = 1 .461 ft 3 

v 02 = v 02 V, = (0.142) (7 ft 3 ) = 0.994 ft 3 

^He = v H eV, = (0.6493)(7 ft 3 ) = 4.545 ft 3 
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13-38 The mass fractions of components of a gas mixture are given. The partial pressure of ethane is to be determined. 
Properties The molar masses of CH 4 and C2H 6 are 16.0 and 30.0 kg/kmol, respectively (Table A-l). 

Analysis We consider 100 kg of this mixture. The mole numbers of each component are 

70 kg 


N 


m 


CH4 


CH4 


N 


M ch 4 16 kg/kmol 

m C2H6 30 kg 


C2H6 


= 4.375 kmol 
- = 1.0 kmol 


M C2 h 6 3 0 kg/kmol 
The mole number of the mixture is 


N m =N cm +N C2H6 = 4.375 + 1.0 = 5.375 kmol 


The mole fractions are 


N 


y CH4 - 


y C2H6 “ 


CH4 


4.375 kmol 


N m 5.375 kmol 


N 


C2H6 


1 .0 kmol 


= 0.8139 


= 0.1861 


N m 5.375 kmol 
The final pressure of ethane in the final mixture is 

Pc. 2 U 6 = }'C2H6^, = (0.1861)(130kPa) = 24.19 kPa 


70% CH 4 
30% C 2 H 6 
(by mass) 
100 m 3 

130 kPa, 25°C 


13-39 A container contains a mixture of two fluids. The volume of the container and the total weight of its contents are to 
be determined. 

Assumptions The volume of the mixture is the sum of the volumes of the two constituents. 

Properties The specific volumes of the two fluids are given to be 0.001 m /kg and 0.008 m /kg. 

Analysis The volumes of the two fluids are given by 

V A = m A v A = (1 kg)(0. 001 m 3 /kg) = 0.001 m 3 
i/ B =m B v B = (2 kg)(0. 008 m 3 /kg) = 0.016 m 3 

The volume of the container is then 

V = V A +V B =0.001 + 0.016 = 0.017 m 3 

The total mass is 

m = m A -I- m B - 1 + 2 = 3 kg 

and the weight of this mass will be 

W - mg - (3kg)(9.6m/s 2 ) = 28.8 kg- m/s 2 =28.8N 


1 kg fluid A 

2 kg fluid B 
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13-40E A mixture consists of liquid water and another fluid. The specific weight of this mixture is to be determined. 
Properties The densities of water and the fluid are given to be 62.4 lbm/ft and 50.0 lbm/ft , respectively. 

Analysis We consider 1 ft of this mixture. The volume of the water in the mixture is 0.7 ft which has a mass of 

m w = p w V w = (62.4 lbm/ft 3 )(0.7 ft 3 ) = 43.68 lbm 
The weight of this water is 

( 1 Ibf N 

W w =m wg =( 43.68 lbm)(3 1.9 ft/s 2 ) = 43.31 lbf 

V 32. 174 lbm- ft/s 2 ) 

Similarly, the volume of the second fluid is 0.3 ft 3 , and the mass of this fluid is 
m f = p f V f = (50 lbm/ft 3 )(0.3 ft 3 ) - 15 lbm 

The weight of the fluid is 

( 1 lbf N 

W f =m f g = ( 151bm)(31.9ft/s 2 ) = 14.87 lbf 

132.174 lbm-ft/s 2 J 

The specific weight of this mixture is then 



W vv +W f 
K, + v f 


(43.3 1 + 14.87) lbf 
(0.7 + 0.3) ft 3 


= 58.2 Ibf/ft 


3 


13-41 The mole fractions of components of a gas mixture are given. The mass flow rate of the mixture is to be determined. 
Properties The molar masses of air and CH 4 are 28.97 and 16.0 kg/kmol, respectively (Table A-l). 

Analysis The molar fraction of air is 

y air ~ 1 J CH4 =1-0.15=0.85 
The molar mass of the mixture is determined from 

M m - y CH4 M CH4 + Jair^air 

= 0. 15 x 16 + 0.85 x 28.97 
= 27.02 kg/kmol 

Given the engine displacement and speed and assuming that this is a 4-stroke engine (2 revolutions per cycle), the volume 
flow rate is determined from 

• nV d (3000rev/min)(0.005 m 3 ) 3 

v = = 7.5 m /min 

2 2 rev/cycle 

The specific volume of the mixture is 

RJ (8.314kPa-m 3 /kmol K)(293K) , , n 

v = = 1.127 m /kg 

M m P (27.02 kg/kmol) (80 kPa) 

Hence the mass flow rate is 

(/ 7.5 m /min _ . . . 

m = — = — = 6.65 kg/min 

v 1.127 m 3 /kg 
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13-42E The volumetric fractions of components of a natural gas mixture are given. The mass and volume flow rates of the 
mixture are to be determined. 

Properties The molar masses of CH 4 and C 2 H 6 are 16.0 and 30.0 lbm/lbmol, respectively (Table A- IE). 

Analysis The molar mass of the mixture is determined from 

M m = y cmM cm + y amM cim ~ 0.95x16 + 0.05x30 = 16.70 lbm/lbmol 
The specific volume of the mixture is 


(/ = 


RJ 


( 1 0.73 psia • ft 3 /lbmol R)(520R) 
M m P (1 6.70 lbm/lbmolX 100 psia) 


= 3.341 ft 3 /lbm 


The volume flow rate is 


l / = AV = 


7rD 


v = 


tt( 36/12 ft) 


(10 ft/s) = 70.69 ft 3 /s 


95% CH 4 
* 5% C 2 H 6 

(by volume) 


and the mass flow rate is 



70.69 ft 3 /s 
3.341 ft 3 /lbm 


= 21.16 Ibm/s 
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13-43 The mole numbers, temperatures, and pressures of two gases forming a mixture are given. The final 
temperature is also given. The pressure of the mixture is to be determined using two methods. 

Analysis (a) Under specified conditions both Ar and N 2 will considerably deviate from the ideal gas behavior. Treating the 
mixture as an ideal gas, 


Initial state : P\V\ = N x R u T x 
Final state : P 2 V 2 = N 2 R U T 1 


P 2= ML Pl J^B r{ 3MPa) = 7.39MPa 




(2)(280 K) 


(b) Initially, 


Tr = 


Pr = 


r, 


T, 


cr,Ar 

P 


280 K 
151.0 K 

3 MPa 


P 


cr,Ar 


4.86 MPa 


= 1.854 
= 0.6173 


Z Ar = 0.985 (Fig. A- 15 or EES) 


Then the volume of the tank is 



4 kmol N 2 
190 K 
8 MPa 


c/ _ ZN Ar R u T _ (0.985X2 kmol)(8.314 kPa • nrVkmol • K)(280 K) _ 1 529 m 3 


P 


3000 kPa 


After mixing, 


Ar: 


T 


T. 


m 


R,Ar 


T. 


cr,Ar 


230 K 
151.0 K 


= 1.523 


c/ 


v 


Ar 


VnJN 


Ar 


R, Ar 


R T IP 

cr,Ar ' 1 cr,Ar 


R T IP 
iy iP cr,Ar ' 1 cr,Ar 


(1.529 nr )/(2 kmol) 


(8.314 kPa • m 3 /kmol • K)(151.0 K)/(4860 kPa) 


= 2.96 


>P R = 0.496 (Fig. A- 15 or EES) 


No: 


T 


1/ 


R, N- 


T. 


m 


230 K 


/?, N, 


T c ,n 2 126.2 K 


= 1.823 


i/ 


N- 


C /IN 


m 


N- 


PiJ cr,N 2 /^cr,N 2 


^u^cr,N 2 /^cr,N 2 


(1.529 m J )/(4 kmol) 


(8.314 kPa • m 3 /kmol • K)(126.2 K)/(3390 kPa) 


= 1.235 


Pr= 1-43 


(Fig. A- 15 or EES) 


Thus, 


and 


p Ar = (P R P cr ) Ar = (0.496)(4.86 MPa) = 2.41 MPa 
p N =(p r p ct ) n =(1.43)(3.39 MPa) = 4.85 MPa 


P m = P Av + P No = 2.41 MPa + 4.85 MPa = 7.26 MPa 
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13-44 



Problem 13-43 is reconsidered. The effect of the moles of nitrogen supplied to the tank on the final pressure 


of the mixture is to be studied using the ideal-gas equation of state and the compressibility chart with Dalton's law. 
Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

R_u = 8.314 [kJ/kmol-K] "universal Gas Constant" 

T_Ar = 280 [K] 

P_Ar = 3000 [kPa] "Pressure for only Argon in the tank initially." 

N_Ar = 2 [kmol] 

{N_N2 = 4 [kmol]} 

T_mix = 230 [K] 

T_cr_Ar=151 .0 [K] "Critical Constants are found in Table A.1 of the text" 

P_cr_Ar=4860 [kPa] 

T_cr_N2=1 26.2 [K] 

P_cr_N2=3390 [kPa] 

"Ideal-gas Solution:" 

P_Ar*V_Tank_IG = N_Ar*R_u*T_Ar "Apply the ideal gas law the gas in the tank." 
P_mixJG*V_Tank_IG = N_mix*R_u*T_mix "Ideal-gas mixture pressure" 

N_mix=N_Ar + N_N2 "Moles of mixture" 

"Real Gas Solution:" 

P_Ar*V_Tank_RG = Z_Ar_1*N_Ar*R_u*T_Ar "Real gas volume of tank" 

T_R=T_Ar/T_cr_Ar "Initial reduced Temp, of Ar" 

P_R=P_Ar/P_cr_Ar "Initial reduced Press, of Ar" 

Z_Ar_1=COMPRESS(T_R, P_R ) "Initial compressibility factor for Ar" 

P_Ar_mix*V_Tank_RG = Z_Ar_mix*N_Ar*R_u*T_mix "Real gas Ar Pressure in mixture" 
T_R_Ar_mix=T_mix/T_cr_Ar "Reduced Temp, of Ar in mixture" 

P_R_Ar_mix=P_Ar_mix/P_cr_Ar "Reduced Press, of Ar in mixture" 

Z_Ar_mix=COMPRESS(T_R_Ar_mix, P_R_Ar_mix ) "Compressibility factor for Ar in mixture" 
P_N2_mix*V_Tank_RG = Z_N2_mix*N_N2*R_u*T_mix "Real gas N2 Pressure in mixture" 
T_R_N2_mix=T_mix/T_cr_N2 "Reduced Temp, of N2 in mixture" 
P_R_N2_mix=P_N2_mix/P_cr_N2 "Reduced Press, of N2 in mixture" 

Z_N2_mix=COMPRESS(T_RJ\l2_mix, P_R_N2_mix ) "Compressibility factor for N2 in mixture" 
P_mix=P_R_Ar_mix*P_cr_Ar +P_R_N2_mix*P_cr_N2 "Mixture pressure by Dalton's law. 23800" 


Nn2 

[kmol] 

P mix 

[kPa] 

P mix,IG 

[kPa] 

i 

3647 

3696 

2 

4863 

4929 

3 

6063 

6161 

4 

7253 

7393 

5 

8438 

8625 

6 

9626 

9857 

7 

10822 

11089 

8 

12032 

12321 

9 

13263 

13554 

10 

14521 

14786 
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13-45E The mass fractions of gases forming a mixture at a specified pressure and temperature are given. The mass of the 
gas mixture is to be determined using four methods. 

Properties The molar masses of CH 4 and C2H 6 are 16.0 and 30.0 lbm/lbmol, respectively (Table A- IE). 

Analysis (a) We consider 100 lbm of this mixture. Then the mole numbers of each component are 


N CH4 
N C2H6 


m CH4 
M CH4 
m C2H6 
M C2H6 


75 lbm 


16 lbm/lbmol 
25 lbm 


30 lbm/lbmol 


= 4.6875 lbmol 


= 0.8333 lbmol 


The mole number of the mixture and the mole fractions are 


N m = 4.6875 + 0.8333 = 5.5208 lbmol 


y CH4 


y C2H6 


^V CH4 _ 4.6875 lbmol _ Q8191 
N m 5.5208 lbmol 

^C2H6 = 0-8333 lbmol = Q 15Q9 
N m 5.5208 lbmol 


75% CH 4 
25% C 2 H 6 
(by mass) 
2000 psia 
300°F 


Then the apparent molecular weight of the mixture becomes 

100 lbm 


M m = 


m 


N 


m 


5.5208 lbmol 


= 18.11 lbm/lbmol 


The apparent gas constant of the mixture is 


R 

P = — 


10.73 psia • ft 3 /lbmol -R _ ____ . _ 3/11 _ 

F - = 0.5925 psia -ft 3 /lbm-R 


M m 18.11 lbm/lbmol 
The mass of this mixture in a 1 million ft 3 tank is 

PC/ 


m = 


(2000psia)(lxl0 6 ft 3 ) 

RT (0.5925 psia- ft 3 /lbm-R)(760R) 


4.441 xIO 6 lbm 


(b) To use the Amagat’s law for this real gas mixture, we first need the compressibility factor of each component at the 
mixture temperature and pressure. The compressibility factors are obtained using Fig. A- 15 to be 


T 


T 


m 


/?,CH4 


T. 


P 


cr,CH4 

P 


760 R 
343.9 R 


= 2.210 


R,C H4 


2000 psia 
p cr,cm 673 psia 


= 2.972 


T 


R,C 2H6 


■^CH4 _ 


P 


760 R 
549.8 R 
1500 psia 


R,C 2H6 


708 psia 


= 1.382 
= 2.119 


^C2H6 _ 


Then, 


Z m = Yj y< z i = -VCH4Z C H4 + yc2H 6 Z C 2H6 = (0.8491)(0.98) + (0. 1509)(0.77) = 0.9483 
P(/ (2000psia)( lx 10 6 ft 3 ) 


m = 


Z m RT (0.9483)(0.5925 psia • ft 3 /lbm- R)(760 R) 
(c) To use Dalton’s law with compressibility factors: (Fig. A- 15) 


= 4.684 xIO 6 lbm 


Tr, CH4 -2.210 


V 




(lxlO 6 ft 3 )/(4.441xlO b x0.75 lbm) 
^CH4 r cr,CH4 ' ^cr,CH4 (0.6688 psia • ft 3 /lbm • R)(343.9 R)/(673 psia) 


/?,CH4 


= 0.8782 


^ch4 -0-98 
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^/?,C2H6 -1-382 


Vr,C 2H6 - 


K;/ m C2H6 
^cr,C2H6 / ^cr,C2H6 


(lxio 6 ft 3 )/(4.441x 10 6 x 0.25 lbm) 
(0.3574 psia • ft 3 /lbm • R)(549.8 R)/(708 psia) 


= 3.244 


■^CH4 - 0-92 


Note that we used m = 4.441 xlO 6 x 0.25 lbm in above calculations, the value obtained by ideal gas behavior. The solution 
normally requires iteration until the assumed and calculated mass values match. The mass of the component gas is obtained 
by multiplying the mass of the mixture by its mass fraction. Then, 

Z m = X y* Z ' = y cu4^ cu4 + >’C2H6Z C 2H6 = (0.8491)(0.98) + (0. 1509)(0.92) = 0.9709 


P V (2000 psia)( 1 x 1 0 6 ft 3 ) 

Z m RT (0.9709)(0.5925 psia • ft 3 /lbm- R)(760 R) 


= 4.575 xlO 6 lbm 


This mass is sufficiently close to the assumed mass value of 4.441 xlO 6 x0.25 lbm . Therefore, there is no need to repeat the 
calculations at this calculated mass. 

(d) To use Kay's rule, we need to determine the pseudo-critical temperature and pseudo-critical pressure of the mixture 
using the critical point properties of gases. 

•^cr ,m — y i ^cr,z — 3cH4^cr,Ch4 3 C2H6^cr,C2H6 

= (0.8491)(343.9 R) + (0. 1509)(549.8 R) = 375.0 R 

Kr,m = ^ y i f*cr,i = 3ch4^cr,Ch4 + 3c2H6^cr,C2H6 

= (0.849 1)(673 psia) + (0.1509)(708 psia) = 678.3 psia 


Then, 


T 


760 R 
375.0 R 


= 2.027 


Pr = 


P m _ 2000 psia 
p 678.3 psia 

cr ,m r 


Z,„ = 0.97 


(Fig. A- 15 ) 


= 2.949 


P V _ (2000psia)(lxl0 6 ft 3 ) 

Z m RT (0.97X0.5925 psia • ft 3 /lbm • R)(760R) 


4.579 xlO 6 lbm 
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13-46 The volumetric analysis of a mixture of gases is given. The volumetric and mass flow rates are to be determined 
using three methods. 

Properties The molar masses of 0 2 , N 2 , C0 2 , and CH 4 are 32.0, 28.0, 44.0, and 16.0 kg/kmol, respectively (Table A-l). 

Analysis (a) We consider 100 kmol of this mixture. Noting that volume fractions are equal to the mole fractions, mass of 
each component are 

m 02 = ^ 02 ^ 02 = OO kmol)(32 kg/kmol) = 960 kg 
ra N 2 = N m M N2 = (^O kmol)(28 kg/kmol) = 1 120 kg 
m c 02 = N C02 M C02 = (10 kmol) (44 kg/kmol) = 440 kg 
m cm = ^ch 4 ^ch 4 = (20 kmol)(16 kg/kmol) = 320 kg 

The total mass is 

m ,n = m 02 + m N2 + m C02 + m CH4 

= 960 + 1 120 + 440 + 320 = 2840 kg 


30% 0 2 
40% N 2 

10% co 2 

20% CH 4 
(by volume) 


The apparent molecular weight of the mixture is 


M = — 

m 


2840 kg 


= 28.40 kg/kmol 


N m 100 kmol 
The apparent gas constant of the mixture is 

8.314kJ/kmolK 


R u 

R = — 
M 


m 


28.40 kg/kmol 


= 0.2927 kJ/kg • K 


Mixture 
8 MPa, 15°C 


The specific volume of the mixture is 

RT (0.2927 kPa-m 3 /kg-K)(288K) AA1AC , 3#1 
{/ = = = 0.01054 m /kg 


P 


The volume flow rate is 


8000 kPa 


0 = AV = — v = 7l(0 - 02 m) (3m/s) = 0.0009425 m 3 /s 


and the mass flow rate is 


V 0.0009425 nr/s 


m = — = 


^ 0.01054 m /kg 


= 0.08942 kg/s 


(b) To use the Amagat’s law for this real gas mixture, we first need the mole fractions and the Z of each component at the 
mixture temperature and pressure. The compressibility factors are obtained using Fig. A- 15 to be 


T 


T 


m 


R, 02 


T, 


cr,02 


P 


P 


m 


R, 02 


P 


cr,02 


288 K 

154.8 K 

8 MPa 

5.08 MPa 


= 1.860 


= 1.575 


^02 _ 


T 


R,m 


P 


288 K 
126.2 K 
8 MPa 


R, N2 


3.39 MPa 


= 2.282 
= 2.360 


Z N2 = 0.99 


T 


R,C 02 


P 


288 K 
304.2 K 
8 MPa 


= 0.947 


R,C 02 


7.39 MPa 


= 1.083 


C02 


= 0.199 


T 


/?,CH4 


P 


288 K 
191. IK 
8 MPa 


= 1.507 


/?,CH4 


4.64 MPa 


= 1.724 


CH4 


= 0.85 


and 

Zm = ^ y^i - y 02^02 + y 02^02 + ^002^002 + 3 ; CH4^CH4 

= (0.30)(0.95) + (0.40)(0.99) + (0. 10)(0. 199) + (0.20)(0.85) = 0.8709 
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Then, 


t/ = 


Z m RT 

P 


(0.8709)(0.2927 kPa • m 3 /kg • K)(288 K) AAAni , 0 3/1 

= 0.009178 m /kg 

8000 kPa 


l/ = 0.0009425 m 3 /s 


. V 0.0009425 nr /s 

m = — = 


c/ 0.009178 m /kg 


= 0.10269 kg/s 


(c) To use Kay's rule, we need to determine the pseudo-critical temperature and pseudo-critical pressure of the mixture 
using the critical point properties of mixture gases. 

^cr ,m = ^ y i^cv,i ~ ^02^cr,02 + 3 7 N2^cr,N2 + 3 7 C02^cr,C02 + 3 7 CH4^cr,CH4 

= (0.30)(154.8 K) + (0.40)(126.2 K) + (0.10X304.2 K) + (0.20X191.1 K) = 165.6 K 

Per ,m = ^ y i^cr,i = ^02^,02 ++ ^ N2^cr,N2 + 3 7 C02^cr,C02 + 3 7 CH4^ > cr,CH4 

= (0.30)(5.08 MPa) + (0.40)(3.39 MPa) + (0.10)(7.39 MPa) + (0.20)(4.64 MPa) = 4.547 MPa 
and 


Tr = 


T 


m 


T. 


cr ,m 


Pr = 


P, 


m 


P 


cr ,m 


288 K 
165.6 K 

8 MPa 
4.547 MPa 


= 1.739 


= 1.759 


Z,„ = 0.92 


m 


(Fig. A-15) 


Then, 


v = 


z„,RT 

p 


(0.92)(0.2927 kPa • m Vkg - KX288K) = 


8000 kPa 


0 = 0.0009425 m 3 /s 


l> 0.0009425 m 3 /s n nnnrrnn , , 
m = — = = 0.009723 kg/s 

v 0.09694 m 3 /kg 
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13-52C No, this is an approximate approach. It assumes a component behaves as if it existed alone at the mixture 
temperature and pressure (i.e., it disregards the influence of dissimilar molecules on each other.) 
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13-53 The volume fractions of components of a gas mixture are given. This mixture is heated while flowing through a tube 
at constant pressure. The heat transfer to the mixture per unit mass of the mixture is to be determined. 

Assumptions All gases will be modeled as ideal gases with constant specific heats. 

Properties The molar masses of 0 2 , N 2 , C0 2 , and CH 4 are 32.0, 28.0, 44.0, and 16.0 kg/kmol, respectively (Table A-l). The 
constant- pressure specific heats of these gases at room temperature are 0.918, 1.039, 0.846, and 2.2537 kJ/kg-K, 
respectively (Table A-2a). 

Analysis We consider 100 kmol of this mixture. Noting that volume fractions are equal to the mole fractions, mass of each 
component are 

m 0 2 = N 01 M 02 = (30 kmol)(32 kg/kmol) = 960 kg 
m N2 = N N2 = (40 kmol)(28 kg/kmol) = 1 120 kg 
m c 02 = N C 02 M C02 = (10 kmol) (44 kg/kmol) = 440 kg 
m CH 4 = ^ch 4 ^ch 4 = (20 kmol)( 16 kg/kmol) = 320 kg 

The total mass is 

m m = m 02 + m m + m C02 + m CH4 

= 960 + 1120 + 440 + 320 
= 2840 kg 

Then the mass fractions are 


4 


in 


150 kPa 
20°C 


30% 0 2 , 40% N 2 
10% C0 2 , 20% CH 4 
(by volume) 




150 kPa 
200°C 


mf 


02 


mf 


N2 


mf 


C02 


mf 


CH4 


m 


02 


m 


m 


m 


N2 


m 


m 


m 


C02 


m 


m 


m 


CH4 


m 


m 


960 kg 
2840 kg ' 
1120 kg 
2840 kg ' 
440 kg 
’ 2840 kg 
320 kg 
’ 2840 kg 


: 0.3380 
= 0.3944 
= 0.1549 


= 0.1127 


The constant-pressure specific heat of the mixture is determined from 

C P = mf 02 C /7 02 + m fm c p,N2 +m fc02 c /?,C02 +m fcH4 c p,CH4 

= 0.3380x0.918 + 0.3944x1.039 + 0.1549x0.846 + 0.1127x2.2537 
= 1.1051 kJ/kg-K 


An energy balance on the tube gives 

q-m = c p ( T 2 - T i ) = (! ■ . : !05 1 kJ/kg ■ K)(200 - 20) K = 1 99 kJ/kg 
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13-54E A mixture of helium and nitrogen is heated at constant pressure in a closed system. The work produced is to be 
determined. 

Assumptions 1 Helium and nitrogen are ideal gases. 2 The process is reversible. 

Properties The mole numbers of helium and nitrogen are 4.0 and 28.0 lbm/lbmol, respectively (Table A- IE). 

Analysis One lbm of this mixture consists of 0.35 lbm of nitrogen and 0.65 lbm of helium or 0.35 lbm/(28.0 lbm/lbmol) = 
0.0125 lbmol of nitrogen and 0.65 lbm/(4.0 lbm/lbmol) = 0.1625 lbmol of helium. The total mole is 0.0125+0.1625=0.175 
lbmol. The constituent mole fraction are then 


y N2 - 

y He = 


Nm_ 

N total 

JV 

N total 


0.0125 lbmol 
0.175 lbmol 
0.1625 lbmol 
0.175 lbmol 


0.07143 

0.9286 


The effective molecular weight of this mixture is 

M = y N2^ N2 + y He ^ He 

= (0.07143)(28) + (0.9286)(4) 

= 5.7 14 lbm/lbmol 



The work done is determined from 


2 

w = j* Pdv = P 2 v 2 - P x i/j = R(T 2 - T x ) 

l 


= K 

M 




1.9858Btu/lbmol- R ... 

(500 - 100)R = 1 39.0 Btu/lbm 

5.7 14 lbm/lbmol 
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13-55 The volume fractions of components of a gas mixture are given. This mixture is expanded isentropically to a 
specified pressure. The work produced per unit mass of the mixture is to be determined. 

Assumptions All gases will be modeled as ideal gases with constant specific heats. 

Properties The molar masses of H 2 , He, and N 2 are 2.0, 4.0, and 28.0 kg/kmol, respectively (Table A-l). The constant- 
pressure specific heats of these gases at room temperature are 14.307, 5.1926, and 1.039 kJ/kg-K, respectively (Table A- 
2a). 

Analysis We consider 100 kmol of this mixture. Noting that volume fractions are equal to the mole fractions, mass of each 
component are 

m m = /V H2 M H2 - (30 kmol) (2 kg/kmol) = 60 kg 
m He ~ N He M He = (40 kmol)(4 kg/kmol) = 160 kg 
m m = /V N2 M N2 = (30 kmol) (28 kg/kmol) = 840 kg 

The total mass is 


m m = m m + m n& + m m =60 + 160 + 840 = 1 060 kg 


Then the mass fractions are 


mf H2 = 


mf He = 


mf N2 = 


m 


H2 


m 


m 


m 


He 


m 


m 


m 


N2 


60 kg 
1060 kg 
160 kg 
1060 kg 
840 kg 


= 0.05660 
= 0.1509 
= 0.7925 


m 


1060 kg 

The apparent molecular weight of the mixture is 


in ... 

M =—?L 

m 


N 


m 


1060 kg 
100 kmol 


= 10.60 kg/kmol 


The constant-pressure specific heat of the mixture is determined from 

C p = mf H2 C /?H2 + m fHe C p,He + m f N2 C p,N2 

= 0.05660 X 14.307 + 0. 1 509 X 5. 1 926 + 0.7925 x 1 .039 
= 2.417 kJ/kg-K 

The apparent gas constant of the mixture is 

8.314 kJ/kmol-K 


R u 

R = -*- 


= 0.7843 kJ/kg • K 


M m 1 0.60 kg/kmol 

Then the constant- volume specific heat is 

c v = Cp -R = 2.417-0.7843 = 1.633 kJ/kg-K 

The specific heat ratio is 


k = 


c 


p 


c, 


2.417 

1.633 


= 1.480 


The temperature at the end of the expansion is 


T 2 = t i 


r P 


V P i 7 


(k-\)/k 


= (873 K) 


200 kPa 
5000 kPa 


X 0.48/1.48 


= 307 K 


An energy balance on the adiabatic expansion process gives 


30% H 2 
40% He 
30% N 2 
(by volume) 
5 MPa, 600°C 


w 


out 


= c a (T ] -T 2 ) = (2.41 7 kJ/kg • K)(873 - 307) K = 1 368 kJ/kg 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 




13-30 


13-56 The mass fractions of components of a gas mixture are given. This mixture is enclosed in a rigid, well-insulated 
vessel, and a paddle wheel in the vessel is turned until specified amount of work have been done on the mixture. The 
mixture’s final pressure and temperature are to be determined. 

Assumptions All gases will be modeled as ideal gases with constant specific heats. 

Properties The molar masses of N 2 , He, CH 4 , and C 2 H 6 are 28.0, 4.0, 16.0, and 30.0 kg/kmol, respectively (Table A-l). The 
constant-pressure specific heats of these gases at room temperature are 1.039, 5.1926, 2.2537, and 1.7662 kJ/kg-K, 
respectively (Table A-2a). 

Analysis We consider 100 kg of this mixture. The mole numbers of each component are 


^N2 “ 


N 


N 


m 


N2 


15 kg 


M N2 28 kg/kmol 


= 0.5357 kmol 


^He- 


rn 


He 


5 kg 


M He 4 kg/kmol 
60 kg 


m 


CH4 


CH4 


M ch 4 16 kg/kmol 
m C2H6 20 kg 


= 1.25 kmol 


= 3.75 kmol 


C2H6 


= 0.6667 kmol 


M C 2 H 6 30 kg/kmol 

The mole number of the mixture is 



N m = N m + N He + N cm + N C2H6 =0.5357 + 1.25 + 3.75 + 0.6667 = 6.2024 kmol 
The apparent molecular weight of the mixture is 


M 


m 




100 kg 
6.2024 kmol 


16.12 kg/kmol 


The constant-pressure specific heat of the mixture is determined from 
c p = mf N2 c p N2 +mf He c /? He +mf CH4 c /? CH4 + mf C2H6 c /? C2H6 
= 0.15x1 .039 + 0.05 x 5. 1926 + 0.60 x 2.2537 + 0.20 x 1 .7662 
= 2. 121 kJ/kg-K 


The apparent gas constant of the mixture is 


R = 


M m 


8.134kJ/kmol- K 
16.12 kg/kmol 


0.5158 kJ/kg-K 


Then the constant- volume specific heat is 

= c p -R- 2.121-0.5158 = 1.605 kJ/kg-K 


The mass in the container is 


m m = 




(200kPa)(10in ) 


RT X (0.5158 kPa-m 3 /kg-K)(293K) 
An energy balance on the system gives 


= 13.23 kg 


w sh,in =m m c v (T 2 -T x ) >T 2 =T x + 


W u- 

T sn,in 


m m C v 


= (293 K) 


lOOkJ 


(13.23 kg)(l .605 kJ/kg-K) 


297.7 K 


Since the volume remains constant and this is an ideal gas, 


P-, = Pj — = (200 kPa) 22Z2+. 
Z 293 K 


= 203.2 kPa 
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13-57 Propane and air mixture is compressed isentropically in an internal combustion engine. The work input is to be 
determined. 

Assumptions Under specified conditions propane and air can be treated as ideal gases, and the mixture as an ideal gas 
mixture. 

Properties The molar masses of C 3 H 8 and air are 44.0 and 28.97 kg/kmol, respectively (TableA-1). 

Analysis Given the air-fuel ratio, the mass fractions are determined to be 


mf air = 


AF 16 


mf 


AF + 1 17 

1 1 


c 3 h 8 


= 0.9412 
= 0.05882 


AF + 1 17 

The molar mass of the mixture is determined to be 
M ... = 1 1 


m 


mf mlT 

mi air 


3^8 


0.9412 


0.05882 


= 29.56 kg/kmol 


M air ^C 3 H 8 


28.97 kg/kmol 44.0 kg/kmol 


i 


Propane 

Air 

95 kPa 
30°C 


The mole fractions are 


y air = mf 


M 


m 


air 


M air 


= (0.9412) 


29.56 kg/kmol 
28.97 kg/kmol 


= 0.9606 


M ... 29.56 kg/kmol 

Jc 3 h 8 = m f C ,H 9 - (0.05882) ^ = 0.03944 


m c 3 h 8 ' ' 44.0 kg/kmol 


The final pressure is expressed from ideal gas relation to be 


P 2 = P t r — = (95 kPa)(9.5) 
T\ 




(30 + 273.15) K 


= 2.97777 


(1) 


since the final temperature is not known. Using Dalton’s law to find partial pressures, the entropies at the initial state are 
determined from EES to be: 


T = 30°C, P = (0.9606x95) = 91.26 kPa >s airl = 5.7417 kJ/kg.K 

T = 30°C, P = (0.03944x95) = 3.75 kPa >^c 3 h 8 ,i = 6.7697 kJ/kg. K 

The final state entropies cannot be determined at this point since the final pressure and temperature are not known. 
However, for an isentropic process, the entropy change is zero and the final temperature and the final pressure may be 
determined from 

^ total = m fair ^air + w /c 3 H 8 Ai C 3 H 8 = 0 

and using Eq. (1). The solution may be obtained using EES to be 

T 2 = 654.9 K, P 2 = 1951 kPa 

The initial and final internal energies are (from EES) 

« airl = 216.5 kJ/kg w air2 =477.1kJ/kg 

t = 30°C > ’ T ? = 654.9 K > dir ’ 2 

w c 3 h 8 ,i _ “2404 kJ/kg m c 3 h 8 ,2 ~ -1607 kJ/kg 

Noting that the heat transfer is zero, an energy balance on the system gives 

<7 in + Win = Au m > W in = A U m 

where A u m = m/ air (u a[r2 -u air l ) + mf c ^ (w C3 h 8 ,2 “ w c 3 h 8 ,i) 

Substituting, w in = A u m = (0.9412)(477.1 - 216.5) + (0.05882)[(-1607)- (-2404)] = 292.2 kJ/kg 
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13-58 The moles, temperatures, and pressures of two gases forming a mixture are given. The mixture temperature and 
pressure are to be determined. 

Assumptions 1 Under specified conditions both C0 2 and H 2 can be treated as ideal gases, and the mixture as an ideal gas 
mixture. 2 The tank is insulated and thus there is no heat transfer. 3 There are no other forms of work involved. 

Properties The molar masses and specific heats of C0 2 and H 2 are 44.0 kg/kmol, 2.0 kg/kmol, 0.657 kJ/kg.°C, and 10.183 
kJ/kg.°C, respectively. (Tables A-l and A-2b). 

Analysis ( a ) We take both gases as our system. No heat, work, or mass 
crosses the system boundary, therefore this is a closed system with Q = 0 
and W = 0. Then the energy balance for this closed system reduces to 

^in — ^out — ^-^system 

0 = AU = AU COi +A U Hi 
0 =[mc v (T m - 7] )] C02 + [mc v (T m - 7 , )] H2 

Using Cv values at room temperature and noting that m = NM, the final 
temperature of the mixture is determined to be 

(2.5 x 44 kg)(0.657 kJ/kg • °Cp m - 27°c)+ (7.5 x 2 kgXl0.183 kJ/kg • °Cp m -40°C) = 0 

T m =35.8°C (308.8 K) 



(b) The volume of each tank is determined from 


l/, 


co 




'nrjA 

V ^1 7 co 


'nr u t^ 


v p r J 


H 


(2.5kmol)(8.314kPa-m7kmol-K)(300K) ^ o 3 

= = 31.18 m 

200 kPa 

(7.5 kmol)(8.314 kPa • m 3 /kmol- K)(313 K) _ ^ ^3 

400 kPa m 


Thus, 

V m = C/ COo = 31.18m 3 +48.79 m 3 =79.97 m 3 
N m = N COi + = 2.5 kmol+ 7.5 kmol = 10.0 kmol 



N m R u T m 


V , 


m 


(10.0 kmol)(8.314 kPa • m 3 /kmol • K)(308.8 K) 

79.97 m 3 


= 321 kPa 
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13-59 The mass fractions of components of a gas mixture are given. This mixture is compressed in a reversible, isothermal, 
steady-flow compressor. The work and heat transfer for this compression per unit mass of the mixture are to be determined. 

Assumptions All gases will be modeled as ideal gases with constant specific heats. 

Properties The molar masses of CH 4 , C 3 H 8 , and C 4 H 10 are 16.0, 44.0, and 58.0 kg/kmol, respectively (Table A-l). 

Analysis The mole numbers of each component are 


N CH4 
N C3H8 
N C4H10 


m CH4 _ 

-^CH4 

m C3H8 

-^C3H8 

m C4H10 

^C4H10 


60 kg 

16 kg/kmol 
25 kg 

44 kg/kmol 
15 kg 

58 kg/kmol 


3.75 kmol 


= 0.5682 kmol 
= 0.2586 kmol 


The mole number of the mixture is 


N m ~ ^CH4 + ^C3H8 + ^C4H10 

= 3.75 + 0.5682 + 0.2586 = 4.5768 kmol 


The apparent molecular weight of the mixture is 





— — = 21.85 kg/kmol 
4.5768 kmol 


1 MPa 



20°C 


The apparent gas constant of the mixture is 


R = 




8.314 kJ/kmol-K 
21.85 kg/kmol 


0.3805 kJ/kg-K 


For a reversible, isothermal process, the work input is 



f p i] 

( 

RT In 


= (0.3805 kJ/kg • K)(293 K)ln 


v^i; 

V 


lOOOkPa 
100 kPa 


\ 


= 257 kJ/kg 


An energy balance on the control volume gives 


^in ^out 

V 

Rate of net energy transfer 
by heat, work, and mass 


a 17 ^0 (steady) 

system 

v. J 

V 

Rate of change in internal, kinetic, 
potential, etc. energies 




mh x +W in = mh 2 + Q oul 
W in -G out =m(h 2 -/!,) 

Win-^out = C P {T 2 -T l ) = 0 since T 2 = T t 

^in = 4out 


That is, 

<7out = w in = 257 kJ/kg 
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13-60 The volume fractions of components of a gas mixture during the expansion process of the ideal Otto cycle are given. 
The thermal efficiency of this cycle is to be determined. 

Assumptions All gases will be modeled as ideal gases with constant specific heats. 


Properties The molar masses of N 2 , 0 2 , H 2 0, and C0 2 are 28.0, 32.0, 18.0, and 44.0 kg/kmol, respectively (Table A-l). 
The constant-pressure specific heats of these gases at room temperature are 1.039, 0.918, 1.8723, and 0.846 kJ/kg-K, 
respectively. The air properties at room temperature are c p = 1.005 kJ/kg-K, c w = 0.718 kJ/kg-K, k = 1.4 (Table A-2a). 

Analysis We consider 100 kmol of this mixture. Noting that volume fractions are equal to the mole fractions, mass of each 
component are 

m N2 = N m M n 2 = (30 kmol)(28 kg/kmol) = 840 kg 
m 02 - N 02 M 02 = (10 kmol) (3 2 kg/kmol) = 320 kg 
m H 2 o - ^mo^rno — (35 kmol)( 18 kg/kmol) = 630 kg 
m co2 = ^ co2^ C 02 = kmol)(44 kg/kmol) = 1 100 kg 

The total mass is 

m rn = m N2 + m 02 + m H20 + m C02 

= 840 + 320 + 630 + 1100 


30% N 2 
10% 0 2 
35% H 2 0 
25% C0 2 
(by volume) 


= 2890 kg 

Then the mass fractions are 


mf 


N2 


mf 


02 


mf 


H20 


mf 


C02 


m 


N2 


m 


m 


m 


02 


m 


m 


m 


H20 


m 


m 


m 


C02 


m 


m 


840 kg 
2890 kg " 
320 kg 
2890 kg ~ 
630 kg 
’ 2890 kg 
1100 kg 
" 2890 kg 


0.2907 
0.1107 
= 0.2180 
= 0.3806 



The constant-pressure specific heat of the mixture is determined from 

c p “ m ^N2^p,N2 + m ^02 c p,02 + H20 c p,H20 + m ^C02 c p,C02 

= 0.2907 x 1.039 + 0. 1 107 x 0.9 1 8 + 0.21 80 x 1 .8723 + 0.3806 x 0.846 


= 1.134 kJ/kg-K 


The apparent molecular weight of the mixture is 


M = — 

m 


2890 kg 


Af 100 kmol 


= 28.90 kg/kmol 


m 


The apparent gas constant of the mixture is 

^ = ^ = 8.314 kJ / km ol.K =()2877 
M m 28.90 kg/kmol 

Then the constant- volume specific heat is 

c v =c p -R = 1. 1 34 - 0.2877 = 0.846 kJ/kg • K 


The specific heat ratio is 


k = 



c 


</ 


1.134 

0.846 


1.340 


The average of the air properties at room temperature and combustion gas properties are 
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c Pt avg = 0.5(1 .134 + 1 .005) = 1 .070 kJ/kg • K 
Cv,avg = 0.5(0.846 + 0.7 1 8) = 0.782 kJ/kg • K 
£ avg = 0.5(1 .34 + 1 .4) = 1 .37 

These average properties will be used for heat addition and rejection processes. For compression, the air properties at room 
temperature and during expansion, the mixture properties will be used. During the compression process, 

T 2 =7’+' =(288K)(8) 0 ' 4 = 662 K 

During the heat addition process, 

q m = c v , avg ( T s -T 2 ) = (0.782 kJ/kg • K)(1373 - 662) K = 556 kJ/kg 


During the expansion process, 



k - 1 

= (1373 K) 



0.37 


636. IK 


During the heat rejection process, 

q out = <\, t av g (T 4 -7\ ) = (0.782 kJ/kg • K)(636. 1 - 288) K = 272.2 kJ/kg 


The thermal efficiency of the cycle is then 


* 7 * = 1 - — = 1 - 


272.2 kJ/kg 
556 kJ/kg 


= 0.511 
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13-61 The thermal efficiency of the cycle in the previous problem is to be compared to that predicted by air standard 
analysis. 

Assumptions Air-standard assumptions are applicable. 


Properties The air properties at room temperature are c p = 1.005 kJ/kg-K, c„ = 0.718 kJ/kg-K, k = 1.4 (Table A-2a). 


Analysis In the previous problem, the thermal efficiency of the cycle 
was determined to be 0.51 1 (51.1%). The thermal efficiency with air- 
standard model is determined from 

r o 

which is greater than that calculated with gas mixture analysis in the 
previous problem. 
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13-62E The volume fractions of components of a gas mixture passing through the turbine of a simple ideal Brayton cycle 
are given. The thermal efficiency of this cycle is to be determined. 

Assumptions All gases will be modeled as ideal gases with constant specific heats. 

Properties The molar masses of N 2 , 0 2 , H 2 0, and C0 2 are 28.0, 32.0, 18.0, and 44.0 lbm/lbmol, respectively (Table A- IE). 
The constant-pressure specific heats of these gases at room temperature are 0.248, 0.219, 0.445, and 0.203 Btu/lbm-R, 
respectively. The air properties at room temperature are c p = 0.240 Btu/lbm-R, c„ = 0.171 Btu/lbm-R, k = 1.4 (Table A-2Ea). 

Analysis We consider 100 lbmol of this mixture. Noting that volume fractions are equal to the mole fractions, mass of each 
component are 


m m = /V N2 4f N2 = (20 lbmol) (28 lbm/lbmol) = 560 lbm 
m Q2 = N q 2 M 02 - (5 lbmol) (3 2 lbm/lbmol) = 160 lbm 
m H 20 “ ^mo^mo = (35 lbmol)( 1 8 lbm/lbmol) = 630 lbm 
m c 02 = N qq 2 M co 2 “ (40 lb mol)(44 lbm/lbmol) = 1760 lbm 

The total mass is 

m ,n = m m + m 02 + m H20 + m C02 

= 560 + 160 + 630 + 1760 
= 3110 lbm 

Then the mass fractions are 


20% N 2 , 5% 0 2 
35% H 2 0, 40% C0 2 
(by volume) 



mf N2 = 


mf 02 = 


mf 


H20 


mf 


C02 


m 


N2 


m 


m 


m 


02 


m 


m 


_ 5601 bm = 01801 

31 10 lbm 


160 lbm 
3 110 lbm 


0.05145 


630 lbm =0,2026 
m tn 3 110 lbm 


m C02 


m 


m 


1760 lbm =0.5659 
3 110 lbm 



The constant-pressure specific heat of the mixture is determined from 

c p = mf N2 c p 

,N2 + m ^02 c p,02 + m ^H20 ^ /?,H20 + m ^C02 c p,C02 

= 0.1801 x 0.248 + 0.05145 x 0.219 + 0.2026 x 0.445 + 0.5659 x 0.203 
= 0.2610 Btu/lbm-R 


The apparent molecular weight of the mixture is 

m 3 110 lbm 1A1U /1U , 

M m = — — = = 31.10 lbm/lbmol 

N m 100 lbmol 


The apparent gas constant of the mixture is 


R = 


R, 


M 


m 


1.9858 Btu/lbmol-R 
31.10 lbm/lbmol 


= 0.06385 Btu/lbm • R 


Then the constant- volume specific heat is 

c„=c p - R = 0.2610-0.06385 = 0.1971 Btu/lbm • R 


The specific heat ratio is 


k = 



c 


V 


0.2610 

0.1971 


1.324 


The average of the air properties at room temperature and combustion gas properties are 
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c p ,avg = 0.5(0.2610 + 0.240) = 0.2505 Btu/lbm • R 
c u , dWg = 0.5(0.1971 + 0.171) = 0.1841 Btu/lbm • R 
£ avg =0.5(1.324 + 1.4) = 1.362 


These average properties will be used for heat addition and rejection processes. For compression, the air properties at room 
temperature and during expansion, the mixture properties will be used. During the compression process, 


t 2 =t i 


A 


E 

y p i j 


(*-!)/* 


= (500 R)(6) 04/1 4 =834.3 R 


During the heat addition process, 

q A n = c p ayg (T 3 -T 2 ) = (0.2505 Btu/lbm • R)(1860 - 834.3) R = 256.9 Btu/lbm 


During the expansion process, 


T 4 =h 




J 


(k-l)/k 


= (1860 R) 


r ^ 0.362/1. 362 




= 1 155.3 R 


During the heat rejection process, 

q oM = c p ,avg ( T 4 ~ t \) = (0.2505 Btu/lbm • R)(l 155.3 - 500) R = 164.2 Btu/lbm 


The thermal efficiency of the cycle is then 


„ 1 ^ out 

*7th = 1 

4in 


164.2BI»/lbm 
256.9 Btu/lbm 
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13-63E The thermal efficiency of the cycle in the previous problem is to be compared to that predicted by air standard 
analysis? 

Assumptions Air-standard assumptions are applicable. 


Properties The air properties at room temperature are c p = 0.240 Btu/lbm-R, c v = 0.171 Btu/lbm-R, k = 1.4 (Table A-2Ea). 


Analysis In the previous problem, the thermal efficiency of the cycle 
was determined to be 0.361 (36.1%). The thermal efficiency with air- 
standard model is determined from 


7th =1 - 


1 

„(*-!)/* 

P 


= 1 - 


1 

0 . 4 / 1.4 


which is greater than that calculated with 
previous problem. 


0.401 = 40 . 1 % 

gas mixture analysis in the 
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13-64E The mass fractions of a natural gas mixture at a specified pressure and temperature trapped in a geological location 
are given. This natural gas is pumped to the surface. The work required is to be determined using Kay's rule and the 
enthalpy-departure method. 

Properties The molar masses of CH 4 and C 2 H 6 are 16.0 and 30.0 lbm/lbmol, respectively. The critical properties are 343.9 
R, 673 psia for CH 4 and 549.8 R and 708 psia for C 2 H 6 (Table A- IE). The constant-pressure specific heats of these gases at 
room temperature are 0.532 and 0.427 Btu/lbm-R, respectively (Table A-2Ea). 

Analysis We consider 100 lbm of this mixture. Then the mole numbers of each component are 


N 


CH4 


N C2H6 


m CH4 
M CH4 
m C2H6 
M C2H6 


75 lbm 
16 lbm/lbmol 


= 4.6875 lbmol 


25 lbm 
30 lbm/lbmol 


0.8333 lbmol 


The mole number of the mixture and the mole fractions are 


N m = 4.6875 + 0.8333 = 5.5208 lbmol 


y CH4 


y C2H6 


N 


CH4 


N 


m 


N 


C2H6 


N 


m 


4.6875 lbmol 
5.5208 lbmol 
0.8333 lbmol 
5.5208 lbmol 


0.8491 
= 0.1509 


75% CH 4 
25% C 2 H 6 
(by mass) 
2000 psia 
300°F 


Then the apparent molecular weight of the mixture becomes 


M 


m 




100 lbm 
5.5208 lbmol 


18.11 lbm/lbmol 


The apparent gas constant of the mixture is 


R = 


R. 


M 


m 


1.9858 Btu/lbmol-R 
18. 11 lbm/lbmol 


0.1097 Btu/lbm-R 


The constant-pressure specific heat of the mixture is determined from 

c p = mf CH4 c /? CH4 +mf C 2 H 6 c /?.C 2 H 6 = 0.75x0.532 + 0.25x0.427 = 0.506 Btu/lbm-R 


To use Kay's rule, we need to determine the pseudo-critical temperature and pseudo-critical pressure of the mixture using 
the critical point properties of gases. 

^cr ,m = ^ y i^cr,i = JcH4^cr,Ch4 + 3 ; C2H6^cr,C2H6 

= (0.849 1)(343.9 R) + (0.1509)(549.8 R) = 375.0 R 

Kr,m ~ ^ y i ^cr,/ = Jch4^ cr,Ch4 + 3 ; C2H6^cr,C2H6 

= (0.849 1)(673 psia) + (0. 1509)(708 psia) = 678.3 psia 


The compressibility factor of the gas mixture in the reservoir and the mass of this gas are 


T r 

Pr 


T 


m 


T, 


cr,m 


P. 


m 


P 


cr ,m 


760 R 
375.0 R 


2.027 


2000 psia 
678.3 psia 


0.963 


(Fig. A- 15) 


= = (2000psia)(lxlQ 6 ft 3 ) = 4 . fil2x 1()6 lbm 

Z m RT (0.963)(0.5925 psia • ft 3 /lbm- R)(760 R) 


The enthalpy departure factors in the reservoir and the surface are (from EES or Fig. A-29) 
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Tr i = 


Pri ~ 


Pr2 ~ 


Pr2 ~ 


T, 


760 R 


ui 

T cr,m 

= =2 
375.0 R 

P,n 

2000 psia 

P 

1 cr ,m 

678.3 psia 

T 

m 

660 R 

T 

cr ,m 

375.0 R 

P 

m 

20 psia 


Z M - 0.703 


= 2.949 


P 


cr,m 


678.3 psia 


- 0.0295 


Z h2 =0.0112 


The enthalpy change for the ideal gas mixture is 

(/*i -h 2 ) [deal =c p (T l -T 2 ) = (0.506 Btu/lbm-R)(760-660)R = 50.6 Btu/lbm 


The enthalpy change with departure factors is 

h\ -h 2 = (h\ — ^2 ) ideal ~ P^cr _ Z/ ?2 ) 

= 50.6 - (0. 1096)(375)(0.703 - 0.01 12) 

= 22. 12 Btu/lbm 

The work input is then 

W in =m(h 1 -h 2 ) = ( 4.612x10 s lbm)(22.12 Btu/lbm) = 1.02x10® BtU 
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13-65E A gas mixture with known mass fractions is accelerated through a nozzle from a specified state to a specified 
pressure. For a specified isentropic efficiency, the exit temperature and the exit velocity of the mixture are to be 
determined. 

Assumptions 1 Under specified conditions both N 2 and C0 2 can be treated as ideal gases, and the mixture as an ideal gas 
mixture. 2 The nozzle is adiabatic and thus heat transfer is negligible. 3 This is a steady-flow process. 4 Potential energy 
changes are negligible. 

Properties The specific heats of N 2 and CO? are c /)iN2 = 0.248 Btu/lbm.R, c wN2 = 0.177 Btu/lbm.R, c p , C o 2 = 0.203 Btu/lbm.R, 
and c v <c 02 = 0.158 Btu/lbm.R. (Table A-2E). 

Analysis (a) Under specified conditions both N 2 and C0 2 can be treated as ideal gases, and the mixture as an ideal gas 
mixture. The c p , c„ and k values of this mixture are determined from 

c p,m ~ ^ m h C p,i = m ^N 2 c p,N 2 + m fc0 2 ^,C0 2 

= (0.65X0.248) + (0.35)(0.203) 

= 0.2323 Btu/lbm • R 

C v,m ~ ^ mf i C vJ = m ^N 2 ^t/,N 2 + C0 2 C i/,C0 2 

= (0.65X0.177) + (0.35)(0.158) 

= 0.1704 Btu/lbm R 


60 psia 
1400 R 



k = 


m 


p,m 


0.2323 Btu/lbm -R 


c Vtfn 0. 1704 Btu/lbm • R 


= 1.363 


Therefore, the N 2 -CO? mixture can be treated as a single ideal gas with above properties. Then the isentropic exit 
temperature can be determined from 


T 2s = T t 


f jj \(k-l)/k , . A 0.363/1.363 

p -' =(i400r(^!!- 


\ p \ > 


60 psia 

From the definition of isentropic efficiency, 


= 911.7 R 


? 1n = 


h x -h 2 c p{T i T 2 ) 


h\ his c pi E l E is ) 


1400 -T 2 

-> 0.88 = 2 


1400-911.7 


= 970.3 R 


(b) Noting that, q = w = 0, from the steady-flow energy balance relation, 

/7 _ T7 - AF <^0 (steady) _ q 

Mn -^out system u 


E in = E out 

h x + V 2 / 2 = h 2 +V 2 / 2 


0 = c p {T 1 -T l ) + 


vl-v{ 


,<PQ 


^2 = (T’l - 7^2 ) = 


1 


2(0.2323 Btu/lbm • RXl400 - 970.3) R 


r 25,037 ft 2 /s 2 ^ 
1 Btu/lbm 


= 2236 ft/s 
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13-66E ““ Problem 13-65E is reconsidered. The problem is first to be solved and then, for all other conditions being 
the same, the problem is to be resolved to determine the composition of the nitrogen and carbon dioxide that is required to 
have an exit velocity of 2200 ft/s at the nozzle exit. 

Analysis The problem is solved using EES, and the solution is given below. 


"Given" 
mf_N2=0.65 
mf_C02=1 -mf_N2 
PI =60 [psia] 

T1=1400 [R] 

Vel1=0 [ft/s] 

P2=12 [psia] 
eta_N=0.88 
"Vel2=2200 [ft/s]" 

"Properties" 

c_p_N2=0.248 [Btu/lbm-R] 
c_v_N2=0.177 [Btu/lbm-R] 
c_p_C02=0.203 [Btu/lbm-R] 
c_v_CO2=0.158 [Btu/lbm-R] 

MM_N2=28 [Ibm/lbmol] 

MM_C02=44 [Ibm/lbmol] 

"Analysis" 

c_p_m=mf_N2*c_p_N2+mf_C02*c_p_C02 

c_v_m=mf_N2*c_v_N2+mf_C02*c_v_C02 

k_m =c_p_m/c_v_m 

T2_s=T1 *(P2/P1 ) A ((k_m-1 )/k_m) 

eta N=(T1-T2)/(T1-T2 s) 


c_p_N2=0.248 [Btu/lbm-R] 
c_v_N2=0.177 [Btu/lbm-R] 
mf_CO2=0.35 
MM_N2=28 [Ibm/lbmol] 
N_total=0.031 17 
Tl=1400 [R] 

Vell=0 [ft/s] 
y_N2=0.7448 


c_p_N2=0.248 [Btu/lbm-R] 
c_v_N2=0.177 [Btu/lbm-R] 
mf_CO2=0.434 
MM_N2=28 [Ibm/lbmol] 
N_total=0. 03008 
Tl=1400 [R] 

Vell=0 [ft/s] 
y_N2=0.6721 


0=c_p_m*(T2-T1 )+(Vel2 A 2-Vel1 A 2)/2*Convert(ft A 2/s A 2, Btu/lbm) 


N_N2=mf_N2/MM_N2 

N_C02=mf_C02/MM_C02 

N_total=N_N2+N_C02 

y_N2=N_N2/N_total 

y_C02=N_C02/N_total 

SOLUTION of the stated problem 

c_p_C02=0.203 [Btu/lbm-R] 
c_v_CO2=0.158 [Btu/lbm-R] 
eta_N=0.88 
mf_N2=0.65 
N_CO2=0. 007955 
Pl=60 [psia] 

T2=970.3 [R] 

Vel2=2236 [ft/s] 

SOLUTION of the problem with exit 

c_p_C02=0.203 [Btu/lbm-R] 
c_v_CO2=0.158 [Btu/lbm-R] 
eta_N=0.88 
mf_N2=0.566 
N_CO2=0. 009863 
Pl=60 [psia] 

T2=976.9 [R] 

Vel2=2200 [ft/s] 


c_p_m=0.2323 [Btu/lbm-R] 
c_v_m=0. 1704 [Btu/lbm-R] 
k_m= 1 .363 

MM_C 02=44 [Ibm/lbmol] 
N_N2=0.02321 
P2=12 [psia] 

T2_s=91 1.7 [R] 

y_CO2=0.2552 

velocity of 2200 ft/s 

c_p_m=0.2285 [Btu/lbm-R] 
c_v_m=0. 1688 [Btu/lbm-R] 
k_m= 1.354 

MM_C 02=44 [Ibm/lbmol] 
N_N2=0. 02022 
P2=12 [psia] 

T2_s=919.3 [R] 

y_CO2=0.3279 
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13-67 A mixture of hydrogen and oxygen is considered. The entropy change of this mixture between the two specified 
states is to be determined. 

Assumptions Hydrogen and oxygen are ideal gases. 

Properties The gas constants of hydrogen and oxygen are 4.124 and 0.2598 kJ/kg-K, respectively (Table A-l). 

Analysis The effective gas constant of this mixture is 

R = mf H2 P H2 + mf 02 /?02 ~ (0.33)(4.1240) + (0.67)(0.2598) = 1.5350 kJ/kg • K Since the temperature of the two 
states is the same, the entropy change is determined from 

P 1 50 kPa 

s 2 -s,= -R In — = -(1.5350 kJ/kg • K) In = 2.470 kJ/kg • K 

21 P, 750 kPa 


13-68 A piston-cylinder device contains a gas mixture at a given state. Heat is transferred to the mixture. The amount of 
heat transfer and the entropy change of the mixture are to be determined. 

Assumptions 1 Under specified conditions both H 2 and N 2 can be treated as ideal gases, and the mixture as an ideal gas 
mixture. 2 Kinetic and potential energy changes are negligible. 

Properties The constant pressure specific heats of H 2 and N 2 at 450 K are 14.501 kJ/kg. K and 1.049 kJ/kg. K, respectively. 
(Table A-2b). 

Analysis ( a ) Noting that P 2 = P\ and i/ 2 = 2 


p 2 V m 


21 /, 


T- 


P, 


> P 2 = — - Pj = 2Pj = (2)(300 K) = 600 K 


O', 


From the closed system energy balance relation, 


-^in ^out — A-^system 


0.5 kg H 2 
1.6 kg N 2 
100 kPa 
300 K , 


Q 


Q in -W b , out =AU Q m =AH 

since W b and A U combine into AH for quasi-equilibrium constant pressure processes. 

Gin =AH = AH H2 +A H Ni =[mc pmg (T 2 -T l )\ H + [mc pavg (P 2 - 7^, )J N 

= (0.5 kg)(l4.501 kJ/kg • K )(600- 300 )K + (1.6 kg)(l.049 kJ/kg • K)(600- 300 )K 

= 2679 kj 

( b ) Noting that the total mixture pressure, and thus the partial pressure of each gas, remains constant, the entropy change of 
the mixture during this process is 


A V = \m(s 2 ~ )L = 


m 


H- 


r P, Pn^ 0 ^ 

c „ In — - R In — 


P 


r, 


p 


r 


— m 


H' 


T, 




7 m 


c In 

P r y 

v L \ 7m 


= (0.5 kg X14.501 kJ/kg -K)ln 


600 K 
300 K 


= 5.026 kJ/K 


A5 N? = [m(s 2 -s { )] N =m 


N' 


f T 1 P, 

c In R In — 

r, p, 

v 1 1 7 N . 


r 


— m 


N- 






c p In — 

P t 

v i 7 n- 


= (l.6 kg)(l.049 kJ/kg -K)ln 


600 K 
300 K 


= 1.163 kJ/K 


A5 total =A5 h +A5 n = 5.026 kJ/K + 1. 163 kJ/K = 6.19 kJ/K 
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13-69 The temperatures and pressures of two gases forming a mixture in a mixing chamber are given. The mixture 
temperature and the rate of entropy generation are to be determined. 

Assumptions 1 Under specified conditions both C 2 H 6 and CH 4 can be treated as ideal gases, and the mixture as an ideal gas 
mixture. 2 The mixing chamber is insulated and thus there is no heat transfer. 3 There are no other forms of work involved. 
3 This is a steady-flow process. 4 The kinetic and potential energy changes are negligible. 

Properties The specific heats of C 2 H 6 and CH 4 are 1.7662 kJ/kg.°C and 2.2537 kJ/kg.°C, respectively. (Table A-2b). 
Analysis (< a ) The enthalpy of ideal gases is independent of pressure, and thus the 
two gases can be treated independently even after mixing. Noting that 

W = Q = 0 , the steady-flow energy balance equation reduces to 


E - E ~ A F <^° (steady) _ q 

~ system “ 


in 


'out 

iL =E 


in 


out 


= 'Zj m e h e 

0 = X ,heh e ~ X ^ = '" C 2 H 6 ^ ~ )c 2 H 6 + '«CH 4 ( h e ~ h i ) 

o = [he At e - y; )] r + [me ( r e - t 1 )] 



Using c p values at room temperature and substituting, the exit temperature of the mixture becomes 
0 = (6 kg/s )(1 .7662 kJ/kg • °c)(r m - 15°C)+ (3 kg/s)(2.2537 kJ/kg • °c)(r„, - 60°C) 

T m = 32.5°C (305.5 K) 

( b ) The rate of entropy change associated with this process is determined from an entropy balance on the mixing chamber, 

710 


c _ e e - ac 
in u out u gen system 


= 0 


[m(s l s 2 )Jc 2 h 6 +[m(s l s 2 )]ch 4 + S gen -0 

5gen =[m(s 2 -Si)]c 2 h 6 + [m(s 2 - Si )] CH . 
The molar flow rate of the two gases in the mixture is 

6 kg/s 


N 


f m x 


c 2 h 6 


N 


CH 


kMj 


f m ^ 


v M y 


c 30 kg/kmol 

_ 4.5 kg/s 
CH 16 kg/kmol 


= 0.2 kmol/s 


= 0.1875 kmol/s 


Then the mole fraction of each gas becomes 

0.2 


- yc i H 6 0.2 + 0.1875 


^CH 4 - 


0.1875 


0.2 + 0.1875 


Thus, 


( s 2 S 0 c 2 H 6 ~ 


= 0.5161 


= 0.4839 


Tn 


c n In R In 

1 r, 


yP, 


m, 2 


P 


T 

c p In - R In y 


1 ^c 2 h 6 V 


r, 


y C 2 H 6 


305 5 K 

= (1.7662 kJ/kg • K) In (0.2765 kJ/kg • K) ln(0.5161) = 0.2872 kJ/kg • K 

288 K 


(^2 N)cHi _ 


' , T 2 pl y p m, 2^ 

c p In — -R\n 


r, 


p 


'CH, ^ 


1 1 


'CH 


305 5 K 

= (2.2537 kJ/kg • K) In (0.5182 kJ/kg • K) ln(0.4839) = 0.1821 kJ/kg • K 

333 K 

Noting that P m2 = P^\ - 300 kPa and substituting, 

.S’ = (6 kg/sXo.2872 kJ/kg • K)+ (3 kg/s Xo. 1821 kJ/kg • K)= 2.27kW/K 
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13-70 



Problem 13-69 is reconsidered. The effect of the mass fraction of methane in the mixture on the mixture 


temperature and the rate of exergy destruction is to be investigated. 
Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

"1 : C2H6, 2: CH4" 
m_dot_total=9 [kg/s] 

"mf_CH4=0.3333" 
mf_C2H6=1 -mf_CH4 
m_dot_1 =mf_C2H6*m_dot_total 
m_dot_2=mf_CH4*m_dot_total 
T1 =(15+273) [K] 

T2=(60+273) [K] 

P=300 [kPa] 

T0=(25+273) [K] 

"Properties" 

c_p_1 =1.7662 [kJ/kg-K] 
c_p_2=2.2537 [kJ/kg-K] 

R_1 =0.2765 [kJ/kg-K] 

R_2=0.51 82 [kJ/kg-K] 

MM 1 =30 [kg/kmol] 

MM_2=1 6 [kg/kmol] 

"Analysis" 

0=m_dot_1 *c_p_1 *(T3-T1 )+m_dot_2*c_p_2*(T3-T2) 

N_dot_1 =m_dot_1 /MM1 

N_dot_2=m_dot_2/MM 2 

N_dot_total=N_dot_1 +N_dot_2 

y_1 =N_dot_1 /N_dot_total 

y_2=N_dot_2/N_dot_total 

DELTAs_1 =c_p_1 *ln(T3/T1 )-R_1 *ln(y_1 ) 

DELTAs_2=cj>_2*ln(T3/T2)-R_2*ln(y_2) 

S_dot_gen=m_dot_1 *DELTAs_1 +m_dot_2*DELTAs_2 

X_dot_dest=TO*S_dot_gen 



mf F2 

T3 

[K1 

Xdest 

[kW] 

0 

288 

0 

0.1 

293.6 

376.4 

0.2 

298.9 

555.4 

0.3 

303.9 

655.8 

0.4 

308.7 

701.4 

0.5 

313.2 

702.5 

0.6 

317.6 

663.6 

0.7 

321.7 

585.4 

0.8 

325.6 

464.6 

0.9 

329.4 

290.2 

1 

333 

0.09793 
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13-71E In an air-liquefaction plant, it is proposed that the pressure and temperature of air be adiabatically reduced. It is to 
be determined whether this process is possible and the work produced is to be determined using Kay's rule and the 
departure charts. 

Assumptions Air is a gas mixture with 21% 0 2 and 79% N 2 , by mole. 

Properties The molar masses of 0 2 and N 2 are 32.0 and 28.0 lbm/lbmol, respectively. The critical properties are 278.6 R, 
736 psia for 0 2 and 227.1 R and 492 psia for N 2 (Table A- IE). 

Analysis To use Kay's rule, we need to determine the pseudo-critical temperature and pseudo-critical pressure of the 
mixture using the critical point properties of gases. 


^cr ,m ~ ^ yj^crj ~ ^02^,02 + 3 7 N2^cr,N2 

= (0.21)(278.6 R) + (0.79)(227.1 R) = 237.9 R 

Ter ,m ~ ^ i^cr,i ~ 3 7 02^cr,02 3 7 N2^cr,N2 

= (0.21)(736 psia) + (0.79)(492 psia) = 543.2 psia 


The enthalpy and entropy departure factors at the initial and final states are (from EES) 


7*i - 


7*2 - 
7**2 = 


T, 


ml 


T, 


cr ,m 


P. 


ml 


P 


cr,m 


T, 


m2 


T, 


cr,m 


P, 


m2 


P 


cr,m 


500 R 
237.9 R 


2.102 


1500 psia 

= 3.471 

432.2 psia 


Z M = 0.725 
Z sl =0339 


360 R 
237.9 R 


1.513 


15 psia 
432.2 psia 


0.0347 



= 0.0179 
= 0.00906 


21 % 0 2 
79% N 2 
(by mole) 
1500 psia 
40°F 


The enthalpy and entropy changes of the air under the ideal gas assumption is (Properties are from Table A-17E) 
(h 2 ~ K ) ideal = 85.97 - 1 19.48 = -33.5 Btu/lbm 

(s 2 — ii) id eai = 4 -s° -R In — = 0.50369 -0.58233 -(0.06855) In -^- = 0.2370 Btu/lbm R 

Pi 1500 

With departure factors, the enthalpy change (i.e., the work output) and the entropy change are 
w out = (h\ -h 2 ) ^ai _ ^7 \ T (Z hx -Z h2 ) 

= 33.5 - (0.06855)(237.9)(0.725 - 0.0179) = 22.0 Btu/lbm 


* 2 ^“(^2 ^1 ) ideal si % s \ ) 

= 0.2370 - (0.06855)(0. 00906 - 0.339) - 0.2596 Btu/lbm • R 

The entropy change in this case is equal to the entropy generation during the process since the process is adiabatic. The 
positive value of entropy generation shows that this process is possible. 
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13-72 Heat is transferred to a gas mixture contained in a piston cylinder device. The initial state and the final temperature 
are given. The heat transfer is to be determined for the ideal gas and non-ideal gas cases. 

Properties The molar masses of H 2 and N 2 are 2.0, and 28.0 kg/kmol. (Table A-l). 

Analysis From the energy balance relation, 

E in ~ E out = 

Gin ~W bjM = At/ 

Gin = AH = A H R2 + A // Nj - N H2 (li 2 ~ h x )n 2 + N N2 (h 2 ~ h x 
since VF b and A U combine into AH for quasi-equilibrium constant pressure processes 



*W = 


AW = 


m 


H 


6 kg 


M n 2 kg/kmol 


m 


N- 


21kg 


M n 28 kg/kmol 


= 3 kmol 


= 0.75 kmol 


(a) Assuming ideal gas behavior, the inlet and exit enthalpies of H 2 and N 2 are determined from the ideal gas tables to be 

H 2 : h x = h @l60K = 4,535.4 kJ/kmol, h 2 = h @200K = 5,669.2 kJ/kmol 

N 2 ; h x — h@ k ~ 4,648 kJ / kmol, h 2 — h@ 2 qq —5,810 kJ / kmol 

Thus, e ideal =3x (5,669.2 -4,535.4) + 0.75 X (5,810-4,648) = 4273 kJ 

(b) Using Amagat' s law and the generalized enthalpy departure chart, the enthalpy change of each gas is determined to be 


T 


T 


m, 1 


R] ,H : 


T. 


cr,H- 


160 

33.3 


= 4.805 


Hw 


P 




= P 


P. 


m 


R 2 M 2 


T 


T 


m, 2 


R 2 ,H 2 


T, 


cr,H- 


^cr,H 2 

200 

333 


1.30 
= 6.006 


= 3.846 


Zu = 


Zu = 


0 

0 


(Fig. A-29) 


Thus H 2 can be treated as an ideal gas during this process. 


T 


T 


m, 1 


/?i,N 2 


T. 


cr,N- 


160 

126.2 


= 1.27 


N 2 : P 


R\ ’N 2 


= P 


P, 


m 


R 2 , n 2 


T 


T 


m, 2 


R 2 ,n 2 


T. 


cr,N- 


^cr,N 2 

200 

126.2 


3.39 
= 1.58 


= 1.47 


Zu = 


Zu = 


1.3 

0.7 


(Fig. A-29) 


Therefore, 


h 2 ^1 /H 2 — \ 2 ^1/H 2 , ideal 


= 5,669.2-4,535.4 = l,133.8kJ/kmol 


i h 2 h \ )n 2 “ R u T cr { Z h x Z h 2 ) + ij 1 2 K Leal 


= (8.3 14kPa • m /kmol • K)(126.2K)(1 .3 - 0.7) + (5,8 10 - 4,648)kJ/kmol = 1,791 .5 kJ/kmol 

Substituting, 

Q m = (3 kmolXl, 133.8 kJ/kmol) + (0.75 kmolXl,' 791.5 kJ/kmol) = 4745 kJ 
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13-73 Heat is transferred to a gas mixture contained in a piston cylinder device discussed in previous problem. The total 
entropy change and the exergy destruction are to be determined for two cases. 

Analysis The entropy generated during this process is determined by applying the entropy balance on an extended system 
that includes the piston-cylinder device and its immediate surroundings so that the boundary temperature of the extended 
system is the environment temperature at all times. It gives 





= AS 


system 


Gin 


T 

boundary 



= AS 


water 





= m(s 2 -s l ) 



T 

surr 


Then the exergy destroyed during a process can be determined from its definition destroyed = ^o^gen • 


(a) Noting that the total mixture pressure, and thus the partial pressure of each gas, remains constant, the entropy change of 
a component in the mixture during this process is 


AS j = nij 


c 


\ n A- R]n 1 




T 


R 


Ji 


1 T 2 
= m i c P ,i ln — 

1 l 


Assuming ideal gas behavior and using c p values at the average temperature, the AS of H 2 and N 2 are determined from 

200 K 

AV, ideal = (6 kgXl3.60 kJ/kg • K)ln— — = 18.21 kJ/K 

loU K 

/ v x 200 K 

AS N2 , ldeal = (21 kgXl-039 kJ/kg • K)ln — — = 4.87 kJ/K 

160 K 


and 


A 0^7^ 1 T 

S„ en = 18.21 kJ/K + 4.87 kJ/K — = 8.98 kJ/K 

g 303 K 




destroyed 


= T'cA.en = (303 K)(8.98 kJ/K) = 2721kJ 


(b) Using Amagat's law and the generalized entropy departure chart, the entropy change of each gas is determined to be 



T R t ,H 2 

P *i-H 2 


T m ,\ 

P cy,H 2 
= p r 2 , h 2 


160 
33.3 " 

P m 

P cr,H 2 


4.805 

5 

” 1.30 


T - Tm ’ 2 

7 /? 2 ,h 2 - 

1 cr,H 2 


200 

33.3 


6.006 


3.846 



(Table A-30) 


Thus H 2 can be treated as an ideal gas during this process. 




T 


m, 1 


T. 


cr,N- 




T - Tm ’ 2 

^ 2 ,n 2 - 

J cr,N 2 


160 

126.2 


1.268 


P,n 

Pcr,N 2 

200 

126.2 


5 

’ 3.39 
1.585 



1.475 ^ 



= 0.8 

= 0.4 


(Table A-30) 
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Therefore, 

A5 H2 =AS H2>ideal =18.21kJ/K 

A^N 2 = ^ N 2 R u {Z Sl ~ Z s 2 ) + ASn 2 , ideal 

= (0.75 kmol)(8.314 kPa -m 3 /kmol- K)(0.8- 0.4) + (4.87 kJ/K) 
= 7.37 kJ/K 
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13-74 Air is compressed isothermally in a steady-flow device. The power input to the compressor and the rate of heat 
rejection are to be determined for ideal and non-ideal gas cases. 

Assumptions 1 This is a steady-flow process. 2 The kinetic and potential energy changes are negligible. 


Properties The molar mass of air is 28.97 kg/kmol. (Table A-l). 

Analysis The mass flow rate of air can be expressed in terms of the mole numbers as 

N = — = — 1-75 kg/S — = 0.06041 kmol/s 
M 28.97 kg/kmol 


(a) Assuming ideal gas behavior, the Ah and As of air during this process is 
Ah = 0 (isothermal process) 


nr ^0 p p 

As=c,An — -R„ In — = -/?„ In 2 


r, 


p 


p 


8 MPa 

= -(8.314 kJ/kg • K)ln = -1 1.53 kJ/kmol • K 

2 MPa 


290 K 
8 MPa 



2 MPa 


Disregarding any changes in kinetic and potential energies, the steady-flow energy balance equation for the isothermal 
process of an ideal gas reduces to 

P _ T7 — AF 710 (steady) _ q 

^ out — LXL ^ system — u 

^in = ^out 

W in + Nh x = Q out + Nh 2 

^,n - 2out - NAh m = 0 > W in = g out 


Also for an isothermal, internally reversible process the heat transfer is related to the entropy change by 
Q = TAS = NT As , 

Q = NT As = (0.06041 kmol/sX290 K)(- 1 1 .53 kJ/kmol • K) = -201.9 kW -> g oul =201.9 lcW 
Therefore, 

W in =G out =201.9kW 


(b) Using Amagat's law and the generalized charts, the enthalpy and entropy changes of each gas are determined from 

= RJ cr (z lh - z„ 2 ) + (h 2 - \ ) ldc /° 

^2 - *1 = R u (Z Sl - Z S2 ) + (s 2 -S 1 ) ideal 


where 



P 


Pr, = 




P 


cr,N- 


t R[ =t Ri = 


3.39 


T 


m 


T 


cr,N- 


P. 


Pr = 


m, 2 


8 


P 


cr,N- 


3.39 


= 0.59 

290 

126.2 

= 2.36 


2.298 


Z h = 0.1 154, Z =0.05136 

n \ s i 

Z lh =0.4136, Z Si =0.1903 


(Figures A-29 and A-30 or EES) 


Note that we used EES to obtain enthalpy and entropy departure factors. The accurate readings like these are not possible 
with Figures A-29 and A-30. EES has built-in functions for enthalpy departure and entropy departure factors in the 
following format: 

Z_h1=ENTHDEP(T_R1, P_R1) "the function that returns enthalpy departure factor" 
Z_s1=ENTRDEP(T_R1, P_R1) "the function that returns entropy departure factor" 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


13-53 



P. 


Pr,= 


m , 1 


2 


P 


cr,0 


5.08 


= 0.3937 


Tr =t» = 


T, 


m 


R- 


T, 


cr,0 


290 

154.8 


= 1.873 


P, 


Pr,= 


m, 2 


8 


P 


cr,0- 


5.08 


= 1.575 


Z h =0.1296, Z s . =0.05967 

n \ s \ 

Z. = 0.4956, Z v =0.2313 

n 2 s 2 


(Figures A-29 and A-30 or EES) 


Then, 

h 2 -h { = y i Ah j =y N2 (h 2 -Mn 2 +Jo 2 (^2 -*i)o 2 

= (0.79)(8.3 14)(126.2)(0. 1 154 - 0.4136) + (0.2 1)(8 . 3 1 4)(1 54. 8)(0. 1 296 - 0.4956) + 0 
= -346.1 kJ/kmol 


^2 -*1 = yA * i=y N 2 0 2 -S\)n 2 +^0,(^2 -S\)o 2 

= (0.79)(8.314)(0.05136 - 0.1903) + (0.21)(8.314)(0.05967 - 0.2313) + (-11.53) 
= -12.74 kJ/kmol -K 

Thus, 

(2 out = -NT As = -(0.06041 kmol/sX290 K)(- 12.74 kJ/kmol • K) = 223.2 kW 


77 — P — AJ 7 <^0 (steady) _ 

^in ^ out — £AC ' system — u 

^in = ^out 

W m +Nh l =Q out +Nh 2 

W in = Q out + N(h 2 - h x ) > W [n = 223.2 kW + (0.06041 kmol/s)(-346. 1 kJ/kmol) = 202.3 kW 
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13-75 



Problem 13-74 is reconsidered. The results obtained by assuming ideal behavior, real gas behavior with 


Amagat's law, and real gas behavior with EES data are to be compared. 
Analysis The problem is solved using EES, and the solution is given below. 


"Given" 
y_N2=0.79 
y_O2=0.21 
T=290 [K] 

PI =2000 [kPa] 

P2=8000 [kPa] 
m_dot=1 .75 [kg/s] 

"Properties" 

R_u=8.314 [kPa-m A 3/kmol-K] 

M_air=molarmass(air) 

T_cr_N2=1 26.2 [K] 

T_cr_02=1 54.8 [K] 

P_cr„N2=3390 [kPa] 

P_cr_02=5080 [kPa] 

"Analysis" 

"Ideal gas" 

N_dot=m_dot/M air 
DELTAh_ideai=0 "isothermal process" 

DELTAs_ideal=-R_u*ln(P2/P1) "isothermal process" 

Q_dotJn_ideal=N_dot*T*DELTAs_ideal 

W_dot_in_ideal=-Q_dotJn_ideal 

"Amagad's law" 

T_R1_N2=T/T_cr_N2 

P_R1_N2=P1/P_cr_N2 

Z_h1_N2=ENTHDEP(T_R1_N2, P_R1_N2) "the function that returns enthalpy departure factor" 
Z_s1_N2=ENTRDEP(T_R1_N2, P_R1_N2) "the function that returns entropy departure factor" 
T_R2_N2=T/T_cr_N2 
P_R2_N2=P2/P_cr_N2 

Z_h2_N2=ENTHDEP(T_R2_N2, P_R2_N2) "the function that returns enthalpy departure factor" 
Z_s2_N2=ENTRDEP(T_R2_N2, P_R2_N2) "the function that returns entropy departure factor" 

T_R1 _02=T/T_cr_02 
P_R 1 _02= P 1 /P_cr_02 

Z_h1_02=ENTHDEP(T_R1_02, P_R1_02) "the function that returns enthalpy departure factor" 
Z_s1_02=ENTRDEP(T_R1_02, P_R1_02) "the function that returns entropy departure factor" 
T_R2_02=T/T_cr_02 
P_R2_02=P2/P_cr_02 

Z_h2_02=ENTHDEP(T_R2_02, P_R2_02) "the function that returns enthalpy departure factor" 
Z_s2_02=ENTRDEP(T_R2_02, P_R2_02) "the function that returns entropy departure factor" 
DELTAh=DELTAh_ideal-(yJ\l2*R_u*T_crJ\l2*(Z_h2_N2-Z_h1_N2)+y_02*R_u*T_cr_02*(Z_h2_02-Z_h1_02)) 
DELTAs=DELTAs_ideal-(y_N2*R_u*(Z_s2_N2-Z_s1_N2)+y_02*R_u*(Z_s2_02-Z_s1_02)) 

Q_dot_in_Amagad =N_dot*T*DELTAs 
W_dot_in_Amagad=-Q_dot_in_Amagad +N_dot*DELTAh 

"EES" 

h_EES[1] = y_N2*enthalpy(Nitrogen,T=T, P=P1)+ y_02*enthalpy(0xygen,T=T,P=P1) 
h_EES[2] = y_N2*enthalpy(Nitrogen,T=T, P=P2)+ y_02*enthalpy(0xygen,T=T,P=P2) 
s_EES[1] = y_N2*entropy(Nitrogen,T=T, P=P1)+ y_02*entropy(Oxygen,T=T,P=P1) 
s_EES[2] = y_N2*entropy(Nitrogen,T=T, P=P2)+ y_02*entropy(Oxygen,T=T,P=P2) 
DELTAh_EES=h_EES[2]-h_EES[1 ] 
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DELTAs_EES=s_EES[2]-s_EES[1 ] 

Q_dot_in_EES=N_dot*T*DELTAs_EES 

W dot in EES=-Q dot in EES+N dot*DELTAh EES 


SOLUTION 

DELTAh=-346.1 [kJ/kmol] 
DELTAh_ideal=0 [kJ/kmol] 
DELTAs_EES=-12.72 [kJ/kmol-K] 
h_EES[1]=6473 [kJ/kmol] 

M air=28.97 [kg/kmol] 

N_dot=0. 06041 [kmol/s] 

P2=8000 [kPa] 

P_cr_02=5080 [kPa] 
P_R1_O2=0.3937 
P_R2_02=1 .575 
Q_dot_in_EES=-222.9 [kW] 

R u=8.314 [kPa-m A 3/kmol-K] 
s_EES[2]=1 12.5 [kJ/kmol-K] 
T_cr_N2=126.2 [K] 
T_R1_N2=2.298 
T_R2_N2=2.298 
W_dotJn_Amagad=202.3 [kW] 
W_dot_in_ideal=201.9 [kW] 
y_O2=0.21 
Z_h1_O2=0.1296 
Z_h2 02=0.4956 
Z_s1 02=0.05967 
Z s2 02=0.2313 


DELTAh_EES=-384.3 [kJ/kmol] 
DELTAs=-12.74 [kJ/kmol-K] 
DELTAs_ideal=-1 1 .53 [kJ/kmol-K] 
h_EES[2]=6089 [kJ/kmol] 
m_dot=1 .75 [kg/s] 

PI =2000 [kPa] 

P_cr_N2=3390 [kPa] 

P_R1_N2=0.59 

P_R2_N2=2.36 

Q_dot_in_Amagad=-223.2 [kW] 
Q_dot_in_ideal=-201 .9 [kW] 
s_EES[1]=125.3 [kJ/kmol-K] 
T=290 [K] 

T_cr_02=154.8 [K] 

T_R1_02=1 .873 
T_R2_02=1 .873 
W_dot_in_EES=199.7 [kW] 
y_N2=0.79 
Z_h1_N2=0.1 154 
Z_h2_N2=0.4136 
Z_s1_N2=0.051 36 
Z s2 N2=0.1903 
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13-76 Two mass streams of two different ideal gases are mixed in a steady-flow chamber while receiving energy by heat 
transfer from the surroundings. Expressions for the final temperature and the exit volume flow rate are to be obtained and 
two special cases are to be evaluated. 

Assumptions Kinetic and potential energy changes are negligible. 

Analysis (a) Mass and Energy Balances for the mixing process: 

m x + lii 2 = m 3 


m x h { + m 2 h 2 + Q in = m 3 h ? 


h = C P T 


Cp, \T\ + th 2 C p ^ 2 r 2 + Q in th 3 C p m T 3 


C =—C +— c 

^P, m . ^P, 1 ^ . ^P, 


m 


UP 


m 


_ th x C p \ r ^ l 2 ^p ,2 ( 

1 3 ~ • ^ 1 2 + 

m 3 C p m 


Qin 



^3 Cp,m 


^hQp,m 

(b) The expression for the exit volume flow rate is obtained as follows: 


t v • • R^T 3 

V 3 = m 3 v 3 = m 3 — 

R 3 


y ^ ™3 R 3 


R 


Qp,\ T ™iCp,2 T ( 
I \ 1 2 + 


Qin 


™3 Cp^m 


™3 Cp, m 


^3 Qp, m 


y _ C P l R 3 m x R x T x | Cp 2 R 3 m 2 R 2 T 2 | R 3 Q L 


in 


Cp, mP T 

P,=P=P 2 


Cp, m P 2 


P 


PC 

r 3 '-'P, m 


C P t R 3 . Cp . R Q 

v = 3 v l + p ’ 2 3 y„ + 3 ^"' 


Cp, m P\ 


Cp, m P 2 


PC 

1 3^P,m 


R 


3 _ 


R _ J^U_ 

M ’ Ri M 3 r u 


R„ M, M, R 3 M 


M 


Cp ,M, . C p . 

V, = ■ V, H — — — -V 2 + 


r 2 m 

RuQin 


Qp,nM 3 


Cp, m M 3 


PM C 

1 3 iV1 3^P,m 


The mixture molar mass M 3 is found as follows: 

m r: / M: 


M, = yy,M„ y,= 


7* 


m 


Urn./MP Mfi = Xm, 

(c) For adiabatic mixing Q jn is zero, and the mixture volume flow rate becomes 

C p X M X . Cp 1 M 2 . 

V = —^—Ly + p ' 2 2 K 




C.,,^3 


(d) When adiabatically mixing the same two ideal gases, the mixture volume flow rate becomes 

m 3 =m x =m 2 

c =c =c 

^P, 3 ^P, 1 ^P, 2 

V,=v l+ v 2 
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Special Topic: Chemical Potential and the Separation Work of Mixtures 


13-57 


13-77C No, a process that separates a mixture into its components without requiring any work (exergy) input is impossible 
since such a process would violate the 2 nd law of thermodynamics. 


13-78C Yes, the volume of the mixture can be more or less than the sum of the initial volumes of the mixing liquids 
because of the attractive or repulsive forces acting between dissimilar molecules. 


13-79C The person who claims that the temperature of the mixture can be higher than the temperatures of the components 
is right since the total enthalpy of the mixture of two components at the same pressure and temperature, in general, is not 
equal to the sum of the total enthalpies of the individual components before mixing, the difference being the enthalpy (or 
heat) of mixing, which is the heat released or absorbed as two or more components are mixed isothermally. 


13-80C Mixtures or solutions in which the effects of molecules of different components on each other are negligible are 
called ideal solutions (or ideal mixtures). The ideal-gas mixture is just one category of ideal solutions. For ideal solutions, 
the enthalpy change and the volume change due to mixing are zero, but the entropy change is not. The chemical potential of 
a component of an ideal mixture is independent of the identity of the other constituents of the mixture. The chemical 
potential of a component in an ideal mixture is equal to the Gibbs function of the pure component. 
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13-81 Brackish water is used to produce fresh water. The minimum power input and the minimum height the brackish 
water must be raised by a pump for reverse osmosis are to be determined. 

Assumptions 1 The brackish water is an ideal solution since it is dilute. 2 The total dissolved solids in water can be treated 
as table salt (NaCl). 3 The environment temperature is also 12°C. 

Properties The molar masses of water and salt are M w =18.0 kg/kmol and M s = 58.44 kg/kmol. The gas constant of pure 
water is R w = 0.4615 kJ/kg-K (Table A-l). The density of fresh water is 1000 kg/m 3 . 

Analysis First we determine the mole fraction of pure water in brackish water using Eqs. 13-4 and 13-5. Noting that mf s = 
0.00078 and mf w = 1- mf, = 0.99922, 



1 


mf , t mf ». 

M s M w 


0.00078 | 0.99922 ° 
58.44 18.0 


, M m 
V: = mf; — 

M; 


, M m 

— > v = mf - 

T y w aaaa w , . 

M 


w 


.(0.99922| 18 ° ltg,tlllOl .0,99976 
18.0 kg/kmol 


The minimum work input required to produce 1 kg of freshwater from brackish water is 

w m in,in = RJo ln(l / y w ) = (0.4615 kJ/kg • K)(285.15 K) ln(l/0.99976) = 0.03159 kJ/kg fresh water 


Therefore, 0.03159 kJ of work is needed to produce 1 kg of fresh water is mixed with seawater reversibly. Therefore, the 
required power input to produce fresh water at the specified rate is 


W mi n,in = P^mi n ,in = (1000 kg/m )(0.280m /s)(0.03 159 kJ/kg), 


IkW 

lkJ/s 


= 8.85 kW 


The minimum height to which the brackish water must be pumped is 


^min 


w 

min, in 

( 0.03 159 kJ/kg 

1 kg. m/s 2 

f 1000N.m^| 

8 

l 9.81 m/s 2 J 

IN 

V y 

l IkJ J 


3.22 m 
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13-82 A river is discharging into the ocean at a specified rate. The amount of power that can be generated is to be 
determined. 

Assumptions 1 The seawater is an ideal solution since it is dilute. 2 The total dissolved solids in water can be treated as 
table salt (NaCl). 3 The environment temperature is also 15°C. 

Properties The molar masses of water and salt are M w = 18.0 kg/kmol and M s = 58.44 kg/kmol. The gas constant of pure 
water is R w = 0.4615 kJ/kg-K (Table A-l). The density of river water is 1000 kg/m 3 . 

Analysis First we determine the mole fraction of pure water in ocean water using Eqs. 13-4 and 13-5. Noting that mf 9 = 
0.025 and mf u . = 1- mf s = 0.975, 




A/f 


mf, mf„ mf,., 0.025 0.975 


= 18.32 kg/kmol 


M : M 


58.44 18.0 


M ; 


-> y. = mf . ( 0 .9 7 5) 1832t 8 /to ° 1 . 0.9922 
M 18.0 kg/kmol 


The maximum work output associated with mixing 1 kg of seawater (or the minimum work input required to produce 1 kg 
of freshwater from seawater) is 

w max,out = R w ? o l n (l / y w ) = (0.4615 kJ/kg • K)(288.15 K)ln( 1/0.9922) = 1.046 kJ/kg fresh water 

Therefore, 1.046 kJ of work can be produced as 1 kg of fresh water is mixed with seawater reversibly. Therefore, the power 
that can be generated as a river with a flow rate of 400,000 nr/s mixes reversibly with seawater is 


max out 


= pVw 


max out 


= (1000 kg/m 3 )(1 .5 X 10 5 m 3 /s)(1.046 kJ/kg )f ) = 157 x 10 6 kW 

1 kJ/s 


Discussion This is more power than produced by all nuclear power plants (1 12 of them) in the U.S., which shows the 
tremendous amount of power potential wasted as the rivers discharge into the seas. 
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13-83 Problem 13-82 is reconsidered. The effect of the salinity of the ocean on the maximum power generated is to 


be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

V_dot=1 50000 [m A 3/s] 

"salinity=2.5" 

T=(1 5+273.1 5) [K] 

"Properties" 

M_w=18 [kg/kmol] "molarmass(H20)" 
M_s=58.44 [kg/kmol] "molar mass of salt" 
R_w=0.461 5 [kJ/kg-K] "gas constant of water" 
rho=1000 [kg/m A 3] 

"Analysis" 

mass_w=1 00-salinity 
mf_s=salinity/1 00 
mf_w=mass_w/1 00 
M jm=1 /(mf_s/M_s+mf_w/M_w) 
y_w= mf_w* M_m/M_w 
w_m ax_o u t= R_w*T* I n ( 1 /y_w) 

W dot max out=rho*V dot*w max out 


Salinity 

r%i 

Wmax,out 

[kW] 

0 

0 

0.5 

3.085E+07 

1 

6.196E+07 

1.5 

9.334E+07 

2 

1.249E+08 

2.5 

1.569E+08 

3 

1.891E+08 

3.5 

2.216E+08 

4 

2.544E+08 

4.5 

2.874E+08 

5 

3.208E+08 



salinity [%] 
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13-84E Brackish water is used to produce fresh water. The mole fractions, the minimum work inputs required to separate 1 
lbm of brackish water and to obtain 1 lbm of fresh water are to be determined. 


Assumptions 1 The brackish water is an ideal solution since it is dilute. 2 The total dissolved solids in water can be treated 
as table salt (NaCl). 3 The environment temperature is equal to the water temperature. 

Properties The molar masses of water and salt are M w = 18.0 lbm/lbmol and M s = 58.44 lbm/lbmol. The gas constant of 
pure water is R w = 0.1 102 Btu/lbm-R (Table A- IE). 

Analysis ( a ) First we determine the mole fraction of pure water in brackish water using Eqs. 13-4 and 13-5. Noting that mf s 
= 0.0012 and mf w =1- mf s = 0.9988, 



1 

mf 

— - + 

M s 




1 

0.0012 0.9988 

58.44 18.0 


18.015 lbm/lbmol 


f M m 
V: = lTlf: — 

M ; 




, , m f. ^ = , 0 . 9988 ) 18 015 lblll, ' bmo1 = 0.99963 


M 


w 


18.0 lbm/lbmol 


y s =l-y w =l- 0.99963 = 0.00037 

(b) The minimum work input required to separate 1 lbmol of brackish water is 

Wmi n i n = ~K T 0 O' W ln ? w + ^ ln .V 3 ) 

= -(0. 1102 Btu/lbmol.R)(525 R) [0.99963 ln( 0.99963) + 0.00037 ln( 0.00037)] 

= -0.1 91 Btu/lbm brackish water 

(c) The minimum work input required to produce 1 lbm of freshwater from brackish water is 

v^min, in = K T o ln (! 1 = (°* 1102 Btu/lbm • R)(525 R)ln(l/0. 99963) - 0.021 4 Btu/lbm fresh water 

Discussion Note that it takes about 9 times work to separate 1 lbm of brackish water into pure water and salt compared to 
producing 1 lbm of fresh water from a large body of brackish water. 
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13-85 A desalination plant produces fresh water from seawater. The second law efficiency of the plant is to be determined. 

Assumptions 1 The seawater is an ideal solution since it is dilute. 2 The total dissolved solids in water can be treated as 
table salt (NaCl). 3 The environment temperature is equal to the seawater temperature. 

Properties The molar masses of water and salt are M w =18.0 kg/kmol and M s = 58.44 kg/kmol. The gas constant of pure 
water is R w = 0.4615 kJ/kg-K (Table A-l). The density of river water is 1000 kg/m 3 . 

Analysis First we determine the mole fraction of pure water in seawater using Eqs. 13-4 and 13-5. Noting that mf s = 0.032 
and mf w =1- mf s = 0.968, 


M m = 


1 


1 


m — mf; 


X mi f 
A/f 


mf, mf 


w 


M: M 


M 


w 


0.032 0.968 

58.44 18.0 


= 18.41 kg/kmol 


f M m 

V: = mf: — 

M; 


-> y = mf w ^ = (0.968) 18,41 kg/kmQl = 0.9900 


M 


w 


18.0 kg/kmol 


The maximum work output associated with mixing 1 kg of seawater (or the minimum work input required to produce 1 kg 
of freshwater from seawater) is 


w max, out = l n (l / y w ) = (0.4615 kJ/kg *K)(283.15 K)ln(l/0.990) = 1.313 kJ/kg fresh water 

The power that can be generated as 1.4 m 3 /s fresh water mixes reversibly with seawater is 

'lkW^ 


W. 


max out 


= pVw 


max out 


= (1 000 kg/m J )(1.4m J /s)( 1.313 kJ/kg) 


lkJ/s 


= 1.84 kW 


Then the second law efficiency of the plant becomes 


7n = 


W 

min, in 


W; 


in 


1.83 MW 
8.5 MW 


0.216 = 21.6% 


13-86 The power consumption and the second law efficiency of a desalination plant are given. The power that can be 
produced if the fresh water produced is mixed with the seawater reversibly is to be determined. 

Assumptions 1 This is a steady-flow process. 2 The kinetic and potential energy changes are negligible. 

Analysis From the definition of the second law efficiency 


W, 


*7n=^ 


rev 


-> 0.25 = 


W, 


rev 


-> W, =2875kW 


W actual 1 1,500 kW 

which is the maximum power that can be generated. 


rev 
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13-87E It is to be determined if it is it possible for an adiabatic liquid- vapor separator to separate wet steam at 100 psia and 
90 percent quality, so that the pressure of the outlet streams is greater than 100 psia. 

Analysis Because the separator divides the inlet stream into the liquid and vapor portions, 

m 2 = xth\ = 0.9 m i 
m 3 = (1 - x)m ] = 0.1m j 

(1) 

According to the water property tables at 100 psia (Table A-5E), 

s x = s f + xs fg = 0.47427 + 0.9x1. 12888 = 1.4903 Btu/lbm-R 

When the increase in entropy principle is adapted to this system, it becomes 

m 2 s 2 + m 3 s 3 >m l s l 
xm l s 2 +(1 -x)m x s 3 >m x s x 
0.9s 2 + 0.1s 3 > Sj 

>1.4903 Btu/lbm-R 

To test this hypothesis, let’s assume the outlet pressures are 110 psia. Then, 

s 2 =s p = 1.5954 Btu/lbm-R 

Z 6 

S 3 = s f =0.48341 Btu/lbm-R 

The left-hand side of the above equation is 

0.9s 2 + 0. ls 3 =0.9x1 .5954 + 0. 1 x 0.4834 1 = 1 .4842 Btu/lbm • R 

which is less than the minimum possible specific entropy. Hence, the outlet pressure cannot be 1 10 psia. Inspection of the 
water table in light of above equation proves that the pressure at the separator outlet cannot be greater than that at the inlet. 
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Review Problems 


A. 

13-88 Using Dalton’s law, it is to be shown that Z m = ^ y [ Z [ for a real-gas mixture. 


/= 1 


Analysis Using the compressibility factor, the pressure of a component of a real-gas mixture and of the pressure of the gas 
mixture can be expressed as 

p _ ZjN jR u T m p _ Z m N m R u T m 


1 {/ m [/ 

m m 

Dalton's law can be expressed as P m = P i( T miV m )- Substituting, 
ZNRT t 


V N R T 

m* ' m X ^ i 1 ' i^u 1 m 


V 


-z 


m 


V 


m 


Simplifying, 

Z m N m = ^ Zi N t 
Dividing by N m , 

Z m = X - V ' Z ' 

where Z, is determined at the mixture temperature and volume. 
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13-89 The volume fractions of components of a gas mixture are given. The mole fractions, the mass fractions, the partial 
pressures, the mixture molar mass, apparent gas constant, and constant-pressure specific heat are to be determined and 
compared to the values in Table A-2a. 

Properties The molar masses of N 2 , 0 2 and Ar are 28.0, 32.0, and 40.0 kg/kmol, respectively (Table A-l). The constant- 
pressure specific heats of these gases at 300 K are 1.039, 0.918, and 0.5203 kJ/kg-K, respectively (Table A-2a). 

Analysis The volume fractions are equal to the mole fractions: 

ym -0.78, y 02 -0.21, y Ar =0.01 

The volume fractions are equal to the pressure fractions. The partial 
pressures are then 

^N2 ~ y N2^totai ~ (0.78)(100 kPa) = 78 kPa 
Pol = y 0 2 ^totai = (0.21X100 kPa) = 21 kPa 
^Ar = f Ar^total = (0.01)(100 kPa) - 1 kPa 

We consider 100 kmol of this mixture. Noting that volume fractions are equal to the mole fractions, mass of each 
component are 

m N 2 = N m M m = (78 kmol)(28kg/kmol) = 2184 kg 
m Q 2 = N 02 M Q 2 = (21 kmol)(32 kg/kmol) = 672 kg 
m Ar = N Ar M Ar = (1 kmol)(40 kg/kmol) = 40 kg 

The total mass is 

m m = m m + m o2 + m Av = 2184 + 672 + 40 = 2896 kg 
Then the mass fractions are 


78% N 2 
21 % 0 2 

1% Ar 
(by volume) 


mf N2 


2184kg =Q _ 7541 
m m 2896 kg 


mf 02 = 


m 


02 


m 


m 


m f Ar = 


m 


Ar 


m 


m 


672 kg 
2896 kg 
40 kg 
2896 kg 


0.2320 

0.0138 


The apparent molecular weight of the mixture is 


M 


m 




2896 kg _ . . 

— = 28.96 kg/kmol 

100 kmol 


The constant-pressure specific heat of the mixture is determined from 

C p ~ m ^N2 C p, N2 + m ^02 c p,02 + m f Ar C p,Ar 

= 0.7541 x 1 .039 + 0.2320 x 0.918 + 0.0138 x 0.5203 

= 1 .004 kJ/kg K 


The apparent gas constant of the mixture is 

R , A. , 8-314 kJ/kmol-K = „ 287 , kJ/kg . K 
M m 28.96 kg/kmol 

This mixture closely correspond to the air, and the mixture properies determined (mixture molar mass, mixture gas constant 
and mixture specific heat) are practically the same as those listed for air in Tables A-l and A-2a. 
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13-90 The mole numbers of combustion gases are given. The partial pressure of water vapor and the condensation 
temperature of water vapor are to be determined. 

Properties The molar masses of C0 2 , H 2 0, 0 2 and N 2 are 44.0, 18.0, 32.0, and 28.0 kg/kmol, respectively (Table A-l). 
Analysis The total mole of the mixture and the mole fraction of water vapor are 
A total = 8 + 9 + 12.5 + 94 = 123.5 kmol 


y H20 - 


N H2Q 
N total 


= 0.07287 

123.5 


Noting that molar fraction is equal to pressure fraction, the partial pressure of water vapor is 
P m o = y H20 ^totai = (0.07287)(100 kPa) = 7.29 kPa 

The temperature at which the condensation starts is the saturation temperature of water at this pressure. This is called the 
dew-point temperature. Then, 

^cond ~ ^sat@7.29kPa = 39.7°C (Table A-5) 


Water vapor in the combustion gases will 


start to condense when the temperature of the combustion gases drop to 39.7 °C. 
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13-91 The masses of gases forming a mixture at a specified pressure and temperature are given. The mass of the gas 
mixture is to be determined using four methods. 

Properties The molar masses of 0 2 , C0 2 , and He are 32.0, 44.0, and 4.0 kg/kmol, respectively (Table A-l). 

Analysis ( a ) The given total mass of the mixture is 

m m = m 02 + m CQ2 + m He = 0. 1 + 1 + 0.5 = 1 .6 kg 

The mole numbers of each component are 

men 0.1kg 

N m = — — = - — = 0.003 1 25 kmol 

M 02 32 kg/kmol 

N C o 2 = = — = 0.02273 kmol 

M C02 44 kg/kmol 

MiS ,0.1 25 kmol 
M He 4 kg/kmol 

The mole number of the mixture is 

N m — N Q 2 + N qq 2 + A^Re = 0.003 125 + 0.02273 + 0. 125 = 0. 1509 kmol 
Then the apparent molecular weight of the mixture becomes 

M = — = 10.61 kg/kmol 

N m 0.1509 kmol 

The mass of this mixture in a 0.3 m tank is 

M m PV (10.61 kg/kmol)( 17,500 kPa)(0.3 m 3 ) OOQ7l _ 

m = = = 22.87 kg 

RJ (8.3 14 kPa • m 3 /kmol • K)(293 K) 


0. 1 kg 0 2 
1 kg C0 2 
0.5 kg He 


(, b ) To use the Amagat’s law for this real gas mixture, we first need the mole fractions and the Z of each component at the 
mixture temperature and pressure. 


y 02 


y co2 


y He 


N 


02 


N 


m 


N 


C02 


N 


m 


N 


He 


N 


m 


0.003125 kmol 
0.1509 kmol 
0.02273 kmol 
" 0.1509 kmol 


0.02071 

0.1506 


°- 125km01 = 0.8284 
0.1509 kmol 


T 


T. 


m 


293 K 


R, 02 


T, 


= 1.893 


cr,02 


P 


P, 


m 


R, 02 


P, 


cr,02 


154.8 K 

17.5 MPa 

5.08 MPa 


Z 02 = 0-93 


= 3.445 


(Fig. A-15) 


T 


T, 


m 


293 K 


R,C 02 


T. 


= 0.963 


cr,C02 


P 


P, 


m 


R,C 02 


P 


cr,C02 


304.2 K 

17.5 MPa 
7.39 MPa 


Zco2 - 0-33 


= 2.368 


T 


T 


m 


R, He 


T 


= 55.3 


cr,He 


P 


P. 


m 


R, He 


P 


cr,He 


293 K 
5.3 K 

17.5 MPa 
0.23 MPa 


Z He -1-04 


= 76.1 


(Fig. A-15) 


(from EES) 
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Then, 


13-68 


Z m - ^ y^i - y 02^02 + yC02^C02 + ^He^He 

= (0.0207 1X0.93) + (0. 1506X0.33) + (0.8284)(1 .04) = 0.9305 


m = 


M P (/ 

m " 


(10.61 kg/kmol)(17, 500 kPa)(0.3 m 3 ) 
Z m R J (0.9305)(8.3 14 kPa • m 3 /kmol • K)(293 K) 

(c) To use Dalton’s law with compressibility factors: 


= 24.57 kg 


Tr,o2 - 1-893 


(/ 


C/ m /rn 02 


(0.3 m 3 )/(22.87x0. 1/1.6 kg) 


R, 02 


^ 02 ^, 02/^02 (0.2598 kPa • m 3 /kg • K)( 154.8 K)/(5080 kPa) 


= 26.5 


Tr, co2 — 0.963 


c/ 


V>i/ m C02 


(0.3 m 3 )/(22.87 x 1 .0/1.6 kg) 


Z 02 - 1-0 


R,C 02 


^C02^cr,C02 / ^cr,C02 


(0. 1889 kPa • m 3 /kg • K)(304.2K)/(7390kPa) 


= 2.70 


z co2 - 0-86 


Tr, He -55.3 


1/ 


Ki /m He 


R, He 


^He^cr,He ^ ^cr,He 


(0.3 m 3 )/(22.87 x 0.5/1 .6 kg) 
(2.0769 kPa • m 3 /kg • K)(5.3 K)/(230 kPa) 


= 0.88 


Z He =1.0 


Note that we used m = 22.87 kg in above calculations, the value obtained by ideal gas behavior. The solution normally 
requires iteration until the assumed and calculated mass values match. The mass of the component gas is obtained by 
multiplying the mass of the mixture by its mass fraction. Then, 

Z m - ^ yi Z i - y 02 Z 02 + yC02 Z C02 + ^He^He 

= (0.0207 1X1 .0) + (0. 1 506)(0.86) + (0.8284X1 .0) = 0.9786 


M m PV (10.61 kg/kmolX 17,500 kPa)(0.3 m 3 ) 00 „,_ 

m = = = 23.37 kg 

Z m RJ (0.9786)(8.314 kPa • m 3 /kmol • K)(293 K) 


This mass is sufficiently close to the mass value 22.87 kg. Therefore, there is no need to repeat the calculations at this 
calculated mass. 


(d) To use Kay's rule, we need to determine the pseudo-critical temperature and pseudo-critical pressure of the mixture 
using the critical point properties of 0 2 , C0 2 and He. 


T' 

cr ,m 


P’ 

cr ,m 


~ ^ y - y 02^cr,02 + 02^cr,C02 + ^He^cr.He 

= (0.02071)(154.8 K) + (0.1506)(304.2 K) + (0.8284)(5.3 K) = 53.41 K 

“ ^ y i R cr,i = y 02^°cr,02 + 02^cr,C02 + ^He^cr.He 

= (0.0207 1X5. 08 MPa) + (0.1506)(7.39 MPa) + (0.8284)(0.23 MPa) =1.409 MPa 


Then, 


Tr 

Pr 


T, 


777 


T, 


cr,/7? 


P. 


m 


P. 


cr,777 


293 K 
53.41 K 


= 5.486 


17.5 MPa 
1.409 MPa 



12.42 


1.194 


(from EES) 


M m PV (10.61 kg/kmol)(17,500 kPa)(0.3 m 3 ) HO „ cl _ 
m = = = 1 9.1 5 kg 

Z m R u T (1.194X8.314 kPa • m 3 /kmol • K)(293 K) 
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13-92 A mixture of carbon dioxide and nitrogen flows through a converging nozzle. The required make up of the mixture 
on a mass basis is to be determined. 


Assumptions Under specified conditions C0 2 and N 2 can be treated as ideal gases, and the mixture as an ideal gas mixture. 

Properties The molar masses of C0 2 and N 2 are 44.0 and 28.0 kg/kmol, respectively (Table A-l). The specific heat ratios of 
C0 2 and N 2 at 500 K are k C02 = 1 .229 and k m = 1 .391 (Table A-2). 

Analysis The molar mass of the mixture is determined from 


M m -y co 2 M co 2 + 3 ; n 2 -^ n 2 

The molar fractions are related to each other by 
.Vco 2 + .Vn 2 =1 

The gas constant of the mixture is given by 



K 

m/s 


The specific heat ratio of the mixture is expressed as 
k = mf CC)2 k C Q 2 + mf N2 


The mass fractions are 


mf co, - ^co 


M 


CO- 


M 


m 


m fNo - y n. 


M 


N. 


M 


m 


The exit velocity equals the speed of sound at 500 K 


^exit 


i 


kR m T 


A 1000m 2 /s 2 A 
1 kJ/kg 


Substituting the given values and known properties and solving the above equations simultaneously using EES, we find 

mfco, =0.838 
mf N2 =0.162 
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13-93E A mixture of nitrogen and oxygen is expanded isothermally. The work produced is to be determined. 
Assumptions 1 Nitrogen and oxygen are ideal gases. 2 The process is reversible. 

Properties The mole numbers of nitrogen and oxygen are 28.0 and 32.0 lbm/lbmol, respectively (Table A- IE). 
Analysis The mole fractions are 


y N2 
y 02 


N N2 
N total 

N Q2 

N total 


O.llbmol 
0.3 lbmol 
0.2kmol 
0.3 kmol 


0.3333 

0.6667 


The gas constant for this mixture is then 


y N2^ N2 + y 02^02 

1.9858 Btu/lbmol-R 


(0.3333 x 28 + 0.6667 x 32)lbm/lbmol 
= 0.06475 Btu/lbm-R 


= (0.06475 Btu/lbm-R) 


^5.404 psia - ft 3 ^ 
1 Btu 


= 0.3499 psia -ft 3 /lbm-R 


0.1 lbmol N 2 
0.2 lbmol 0 2 
300 psia 
5 ft 3 


The mass of this mixture of gases is 

m - N m M N2 + N 02 Mq 2 = 0. 1 x 28 + 0.2 x 32 = 9.2 lbm 
The temperature of the mixture is 


Tx = 


(300psia)(5ft ) 


m 

mR (9.2 lbm)(0.3499 psia • ft 3 /lbm • R) 


= 466.0 R 


Noting that P v= RT for an ideal gas, the work done for this process is then 

2 2 


w = 

rr out 


= m \ 


Pdu = mRT 


l 


r dv 

J ^ 


= mRT In 


1/ 


c/, 


l 


= (9.2 lbm)(0. 06475 Btu/lbm • R)(466 R) In 


= 192.4 Btu 


10ft 
5 ft 3 
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13-94 A mixture of nitrogen and carbon dioxide is compressed at constant temperature in a closed system. The work 
required is to be determined. 

Assumptions 1 Nitrogen and carbon dioxide are ideal gases. 2 The process is reversible. 

Properties The mole numbers of nitrogen and carbon dioxide are 28.0 and 44.0 kg/kmol, respectively (Table A-l). 
Analysis The effective molecular weight of this mixture is 


M - y N 2 M N2 + y C 02^ C02 
= (0.85)(28) + (0.15)(44) 

= 30.4 kg/kmol 

The work done is determined from 

2 2 

w = [pdV = Rt[ — = RTln — = RTln — = ^~ RT In — 
J J i/ i/j P\ M P x 

8.314 kJ/kmol • K 500kPa 

= (300 K)ln 

30.4 kg/kmol 100 kPa 

= 132.0 kJ/kg 



13-95 The specific heat ratio and an apparent molecular weight of a mixture of ideal gases are given. The work required to 
compress this mixture isentropically in a closed system is to be determined. 

Analysis For an isentropic process of an ideal gas with constant specific heats, the work is expressed as 


^out 


z, z, 

= j" Pdv = P,</f jV*dt/ 




py x 


i -k 


r \ 


1 -k 


V^l J 


-1 


since P x - Pv k for an isentropic process. Also, 


P x v x =RT X 


iy 2 /^r =Pi/p 2 


Gas mixture 
*=1.35 

M=32 kg/kmol 
100 kPa, 20°C 


Substituting, we obtain 


^out 


RJx 




\ p \ J 


(k-l)/k 


-1 


(8.3 14 kJ/kmol • K)(293 K) 


(32 kg/kmol) (1 - 1 .35) 

= -177.6 kJ/kg 


r 1000 kPa A (L35_1)/L35 


lOOkPa 


-1 


The negative sign shows that the work is done on the system. 
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13-96 A mixture of gases is placed in a spring-loaded piston-cylinder device. The device is now heated until the pressure 
rises to a specified value. The total work and heat transfer for this process are to be determined. 

Properties The molar masses of Ne, 0 2 , and N 2 are 20.18, 32.0, 28.0 kg/kmol, respectively and the gas constants are 
0.4119, 0.2598, and 0.2968 kJ/kg-K, respectively (Table A-l). The constant-volume specific heats are 0.6179, 0.658, and 
0.743 kJ/kg-K, respectively (Table A-2a). 

Analysis The total pressure is 200 kPa and the partial pressures are 
^Ne = y^Pm = (0.25)(200 kPa) = 50 kPa 
Pq 2 = y 02 p m = (0.50X200 kPa) = 100 kPa 
P m = y N 2 Pm = (0.25)(200 kPa) = 50 kPa 

* o 

The mass of each constituent for a volume of 0.1 m and a temperature of 10°C are 


m Ne = 


m 02 = 


m N 2 = 


P Ne Vm 

P Ne^ 

P 02^ m 

P02P 

P N2 Vm 

PmP 


(50kPa)(0.1m 3 ) 


(0.41 19 kPa • m 3 /k g • K)(283 K) 
(100 kPa)(0.1m 3 ) 
(0.2598 kPa • m 3 /kg • K)(283 K) 
(50kPa)(0.1m 3 ) 

(0.2968 kPa • m 3 /kg • K)(283 K) 
m t ot-i = 0.04289 + 0. 1360 + 0.05953 = 0.2384 kg 


= 0.04289 kg 


= 0.1360 kg 


= 0.05953 kg 


25% Ne 
50% 0 2 
25% N 2 
(by pressure) 
0.1 m 3 

10°C, 200 kPa 


total 

The mass fractions are 


r- m Ne 

mf Ne = 


0.04289 kg 


m m 0.2384 kg 


= 0.1799 


^ = ai360kg =05705 


m 


m 


mf N2 = 


m 


N2 


0.2384 kg 
0.05953 kg 


= 0.2497 



m m 0.2384 kg 
The constant- volume specific heat of the mixture is determined from 

= m ^Ne^c/,Ne +m ^02 c v,02 + m f N2 c i/,N2 

= 0. 1799 X 0.6179 + 0.5705 x 0.658 + 0.2497 x 0.743 = 0.672 kJ/kg • K 
The moles are 


^Ne = 


^02 ~ 




m 


Ne 


0.04289 kg 


M Ne 
m Q2 

M 02 


20. 18 kg/kmol 
0.1360 kg 


= 0.002126 kmol 


M 


N2 


32 kg/kmol 
0.05953 kg 
28 kg/kmol 


= 0.00425 kmol 


= 0.002126 kmol 


N,„ =N Ne +iVm +N mo =0.008502 kmol 


m 


02 


N2 


Then the apparent molecular weight of the mixture becomes 

0.2384 kg 


M = — 

m 


N 


m 


0.008502 kmol 


= 28.04 kg/kmol 


The apparent gas constant of the mixture is 

8.314kJ/kmolK 


R u 

R = — — 

M 


m 


28.05 kg/kmol 


= 0.2964 kJ/kg-K 


The mass contained in the system is 


m = 


PM 


(200 kPa)(0.1 m 3 ) 


RT X (0.2964 kPa • m 3 /kg • K)(283 K) 


= 0.2384 kg 


Noting that the pressure changes linearly with volume, the final volume is determined by linear interpolation to be 
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500-200 _ t/ 2 -0.1 
1000-200 “ 1 . 0 - 0.1 


l/ 2 = 0.4375 m 


^ 2^2 


= 3096 K 


The final temperature is 

^ P 2 i/ 2 (500 kPa)(0.4375 m 3 ) 

T 2 = ■ - ■ = = 3096 K 

mR (0.2384 kg)(0.2964 kPa • m 3 /kg • K) 

The work done during this process is 

W out = P ' + f 2 (V 2 -Vi)= ( 500 + 2 ) QQ>kPa (0.4375-0. l)m 3 =118kJ 
2 2 

An energy balance on the system gives 

2m = W 0 ut + mc„ (T 2 - T x ) = 1 1 8 + (0.2384 kg)(0.672 kJ/kg • K)(3096 - 283) K = 569 kJ 
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13-97 A spring-loaded piston-cylinder device is filled with a mixture of nitrogen and carbon dioxide whose mass fractions 
are given. The gas is heated until the volume has doubled. The total work and heat transfer for this process are to be 
determined. 

Properties The molar masses of N 2 and C0 2 are 28.0 and 44.0 kg/kmol, respectively (Table A-l). The constant- volume 
specific heats of these gases at room temperature are 0.743 and 0.657 kJ/kg-K, respectively (Table A-2a). 

Analysis We consider 100 kg of this mixture. The mole numbers of each component are 

m m 55 kg 


^N2 _ 


N 


M N2 28 kg/kmol 
m co2 45 kg 


- 1 .964 kmol 


C02 


= 1.023 kmol 


M C02 44 kg/kmol 

The mole number of the mixture is 

N m = N m + N C02 = 1.964 + 1.023 = 2.987 kmol 

The apparent molecular weight of the mixture is 

100 kg 


M = — 

m 


= 33.48 kg/kmol 


N m 2.987 kmol 
The constant- volume specific heat of the mixture is determined from 

= mf N2 <A,N 2 + m fco 2 c t/,co 2 = 0.55 x 0.743 + 0.45 x 0.657 = 0.7043 kJ/kg • K 
The apparent gas constant of the mixture is 

8.134 kJ/kmol • K 



Q 


R u 

R = — — 

M,. 


= 0.2483 kJ/kg-K 


33.48 kg/kmol 

Noting that the pressure changes linearly with volume, the initial 
volume is determined by linear interpolation using the data of the 
previous problem to be 

200-200 K - 0.1 


1000-200 
The final volume is 


1 . 0 - 0.1 


+ C/j = 0. 1 m 



V 2 = 2^! = 2(0. lm+0.2m 3 

The final pressure is similarly determined by linear interpolation using the data of the previous problem to be 

P 2 - 200 0.2 -0.1 

1000-200 ~~ 1.0 - 0.1 
The mass contained in the system is 


->P 2 = 288.9 kPa 


m = 


(200 kPa)(0.1 nr ) 


M 

RT\ (0.2483 kPa-m 3 /kg-K)(318K) 


= 0.2533 kg 


The final temperature is 


T 2 = 




(288.9 kPa)(0.2m J ) 


= 918.7 K 


mR (0.2533 kg)(0.2483 kPa • m J /kg • K) 

The work done during this process is 

W out = P ' + ^ 2 (V 2 -(/,)= <200 + 288.9) kPa (Q 2 _ 0 1)m 3 _ 24 . 4 k j 
2 2 

An energy balance on the system gives 

Gin = Wout + mc v (T 2 -T { ) = 24.4 + (0.2533 kg)(0.7043 kJ/kg • K)(91 8.7 - 3 18) K = 1 32 kJ 
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13-98 A spring-loaded piston-cylinder device is filled with a mixture of nitrogen and carbon dioxide whose mass fractions 
are given. The gas is heated until the pressure has tripled. The total work and heat transfer for this process are to be 
determined. 

Properties The molar masses of N 2 and C0 2 are 28.0 and 44.0 kg/kmol, respectively (Table A-l). The constant- volume 
specific heats of these gases at room temperature are 0.743 and 0.657 kJ/kg-K, respectively (Table A-2a). 

Analysis We consider 100 kg of this mixture. The mole numbers of each component are 

m m 55 kg 


^N2 _ 


N 


M N2 28 kg/kmol 
m co2 45 kg 


- 1 .964 kmol 


C02 


= 1.023 kmol 


M C02 44 kg/kmol 

The mole number of the mixture is 

N m = N m + N C02 = 1.964 + 1.023 = 2.987 kmol 

The apparent molecular weight of the mixture is 

100 kg 


M = — 

m 


= 33.48 kg/kmol 


N m 2.987 kmol 
The constant- volume specific heat of the mixture is determined from 

= mf N2 <A,N 2 + m fco 2 c t/,co 2 = 0.55 x 0.743 + 0.45 x 0.657 = 0.7043 kJ/kg • K 
The apparent gas constant of the mixture is 

8.134 kJ/kmol • K 



Q 


R u 

R = —± 
M 


= 0.2483 kJ/kg-K 


m 


33.48 kg/kmol 

Noting that the pressure changes linearly with volume, the 
initial volume is determined by linear interpolation using the 
data of the previous problem to be 

200-200 C/j-0.1 ni 3 

= > (/ =0.1 nr 

1000-200 1 . 0 - 0.1 

The final pressure is 

p 2 = 3 p x = 3(200 kPa) = 600 kPa 

The final volumee is similarly determined by linear interpolation using the data of the previous problem to be 
600-200 



1000-200 1 . 0 - 0.1 
The mass contained in the system is 


■>C/ 2 = 0.55 m 3 


m = 


PM 


(200 kPa)(0.1 nr ) 


RT X (0.2483 kPa • m 3 /kg • K)(318 K) 


= 0.2533 kg 


The final temperature is 


T 2 = 


P 2^2 


(600 kPa)(0.55 m 3 ) 


= 5247 K 


mR (0.2533 kg)(0.2483 kPa • m'/kg • K) 
The work done during this process is 

(200 + 600) kPa 


Kut=^ ± M 2 -v l ) = 


(0.55 - 0.1) m = 1 80 k J 


2 2 
An energy balance on the system gives 

Q m = w out + mc u (T 2 - T x ) = 1 80 + (0.2533 kg)(0.7043 kJ/kg • K)(5247 - 3 1 8) K = 1 059 kJ 
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13-99 The masses, pressures, and temperatures of the constituents of a gas mixture in a tank are given. Heat is transferred to 
the tank. The final pressure of the mixture and the heat transfer are to be determined. 

Assumptions He is an ideal gas and 0 2 is a nonideal gas. 

Properties The molar masses of He and 0 2 are 4.0 and 32.0 kg/kmol. (Table A-l) 

Analysis ( a ) The number of moles of each gas is 


N He = 


m 


He 


M 


He 


m 


N o, = 


o 


M 


O- 


4 kg 

4.0 kg/kmol 
8 kg 

32 kg/kmol 


= 1 kmol 


= 0.25 kmol 


= /V He + N q = 1 kmol + 0.25 kmol = 1 .25 kmol 


m 


Then the partial volume of each gas and the volume of the tank are 
He: 



Q 



N 


He P u P \ 



( 1 kmol)(8.3 14 kPa • m 3 /kmol • K)( 170 K) 
7000 kPa 


= 0.202 m 3 


O,: 


P 


Pr, = 


m, 1 


R 


= 


cr,0- 

R 


T, 


cr,0 


7 

54)8 

170 

154.8 


= 1.38 


= 1.10 


Z! =0.53 (Fig. A- 15) 


= 


zn o 2 R u T \ _ (0.53)(0.25 kmol)(8.3 14 kPa • m 3 /kg • K)(170 K) Arvv7 _ 3 

— — v_/ • v_/ zL / m 


p. 


m, 1 


7000 kPa 


^tank = ^He + ^ = 0.202 m 3 + 0.027 m 3 = 0.229 m 3 


o 


The partial pressure of each gas and the total final pressure is 
He: 



R 


N He R u T 2 (1 kmol)(8.314 kPa-m 3 /kmol-K)(220 K) 


He,2 




= 7987 kPa 


tank 


0.229 m 


Tr, - 


T, 


T. 


cr,0- 


220 

154.8 


= 1.42 


c/ 


O- 


^ / N 


m 


O- 


V 


R, O- 


cr,0 2 /-^cr,0 2 


RuT cr,0 2 /^cr,0 2 


P R =0.39 


(0.229 m 3 )/(0.25 kmol) 


(8.314 kPa • m 3 /kmol • K)(154.8 K)/(5080 kPa) 


= 3.616 


(Fig. A-15) 


p Q =( PrPc[ ) 0 = (0.39)(5080 kPa) = 198 1 kPa = 1.981 MPa 
P m 2 = P He + p o, = 7.987 MPa + 1 .98 1 MPa = 9.97 MPa 
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(b) We take both gases as the system. No work or mass crosses the system boundary, therefore this is a closed system with 
no work interactions. Then the energy balance for this closed system reduces to 


He: 



^in ^out 


= A E 


system 


e in = A U = A U He + A U a 


A U He = mc v (T m -7',)= (4 kgX3. 1 156 kJ/kg • K)(220 - 170)K = 623. 1 kJ 


T \ = 1-10 
P Rx =1.38 


K -2.2 


r R , =1-42 
p 

Rl 5.08 


1.963 


Z,. =1.2 


(Fig. A-29) 


Also, 


h 2 h x - R u T cr (Z Z, h ) + (h 2 ^1) ideal 

= (8.314 kJ/kmol-K)(l 54.8 K)(2.2- 1.2) + (6404 -4949)kJ/kmol 
= 2742 kJ/kmol 


_ N^RJi _ (1 kmol)(8.314 kPa-m 3 /kg-K)(170 K) 

F'tank 0.229 m 3 

P ou = p m,\ ~ p n?,\ = 7000 kPa - 6172 kPa = 828 kPa 


= 6,172 kPa 


Thus, 

A^o 2 = Nq 2 (h 2 -h ] )-(P 2 y 2 -P X V X ) = Nq 2 (h 2 -h l )-(P Q2 l -Tq 2 ,l)^tank 

= (0.25 kmol)(2742 kJ/kmol) - (1981 - 828)(0.229)kPa • m 3 
= 421.5 kJ 


Substituting, 

Q in = 623.1 kJ + 421.5 kJ = 1045 kJ 
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13-100 A mixture of carbon dioxide and methane expands through a turbine. The power produced by the mixture is to be 
determined using ideal gas approximation and Kay’s rule. 

Assumptions The expansion process is reversible and adiabatic (isentropic). 

Properties The molar masses of C0 2 and CH 4 are 44.0 and 16.0 kg/kmol and respectively. The critical properties are 304.2 
K, 7390 kPa for C0 2 and 191.1 K and 4640 kPa for CH 4 (Table A-l). EES may use slightly different values. 

Analysis The molar mass of the mixture is determined to be 

M m = y C oM COi +)>ch 4 Mch 4 = (0.75)(44) + (0.25)(16) = 37 .0 kg/kmol 

The gas constant is 

8.314kJ/kmol.K 


R„ 

R = -^~ 

M 


m 


37.0 kg/kmol 


= 0.2246 kJ/kg.K 


1300 K 
1000 kPa 
180 L/s 


The mass fractions are 


m W ~ ^co 


M 


CO 


M 


= (0.75) 


m 


44 kg/kmol 
37.0 kg/kmol 


= 0.8917 


m ^CH 4 - y CH 4 


M 


M 


^- = (0.25) l6kg/km °' =0.1083 



37.0 kg/kmol 

Ideal gas solution: 

Using Dalton’s law to find partial pressures, the entropies at the initial state are determined from EES to be: 

T = 1300K, P = (0.75x1000) = 750 kPa >j CO o>1 = 6.068 kJ/kg.K 

T = 1600K, P = (0.25x1000) = 250 kPa >^ch 4 ,i = 16.22 kJ/kg.K 

The final state entropies cannot be determined at this point since the final temperature is not known. However, for an 
isentropic process, the entropy change is zero and the final temperature may be determined from 

^ total =m fc 0 2 ^ S C0 2 + m f CH 4 As C h 4 

0 - m fc0 2 ( S C0 2 ,2 ~ s C0 2 ,l ) + m fcH 4 ( s CH 4 ,2 ~ ^CH 4 ,1 ) 

The solution is obtained using EES to be 
T 2 = 947.1 K 

The initial and final enthalpies and the changes in enthalpy are (from EES) 


T x =1300 K > 


h C o 0 ,\ = -7803 kJ/kg 


T 2 =947. IK > 


hco 0 ,2 ~ 8248 kJ/kg 


^ch 4 ,i _ 831 kJ/kg ^ch 4 ,2 ~ 2503 kJ/kg 

Noting that the heat transfer is zero, an energy balance on the system gives 
Gin -^out =riiAh m - 

where 


-> W out = ~mAh m 


Ah m - mf C o 2 (hco 2 ,2 ~ ^co 2 ,i ) + m fcH 4 (^ch 4 ,2 _ ^ch 4 ,i ) 

= (0.8917)[(-8248) - (-7803)]+ (0.1083)[(-2503) - (-831)]= -577.7 kJ/kg 

The mass flow rate is 

. PM (1000kPa)(0.180m 3 /s) ntl ^, , 

m = = = 0.6165 kg/s 

RT X (0.2246 kJ/kg. K)( 1300 K) 

Substituting, W out = rhAh m = -(0.6165)(-577.7 kJ/kg) = 356 kW 
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Kay’s rule solution: 

The critical temperature and pressure of the mixture is 


^cr = Jco/cr,co 2 + JcH 4 ^cr, C H 4 = (0.75)(304.2 K) + (0.25)(191. 1 K) = 276 K 
Per = yco 2 Per,co 2 + f ch 4 A C h 4 = (0-75)(7390 kPa) + (0.25)(4640 kPa) = 6683 kPa 


State 1 properties: 


Tr 1 = 
Pr\ 


h 

Ter 

A 

Per 


1300 K _ 
276 K ~~ 
1000 kPa 
6683 kPa 


4.715 
= 0.1496 


Zj =1.003 
>Z hX =-0.0064 
Z sl =0.001197 


(from EES) 


A h x = Z hl RT cr = (-0.0064)(0.2246 kJ/kg.K)(276 K) = -0.399 kJ/kg 

h\ = fnfco 2 ^co 2 ,i + ,77 /ch 4 ^ch 4 ,i -&h\ 

= (0.8917)(-7803) + (0.1083)(-831) - (-0.399) = -7047 kJ/kg 
As x = Z sl R = (0.001 197)(0.2246 kJ/kg.K) = 0.0002688 kJ/kg.K 


s i ~ m fco 2 s co 2 ,i + m ^CH 4 s cu 4 ,\ Asi 

= (0.8917)(6.068) + (0.1083)(16.22) - (0.0002688) = 7.1679 kJ/kg.K 

The final state entropies cannot be determined at this point since the final temperature is not known. However, for 
isentropic process, the entropy change is zero and the final temperature may be determined from 

A* 5 total = mf co 2 As cc>2 + mf CH4 As C n 4 

0 = mf C o 2 (Aco 2 ,2 “ ^co 2 ,i ) + m ^CH 4 Ah 4 ,2 “ ^ch 4 ,i ) 


The solution is obtained using EES to be 
T 2 = 947 K 


The initial and final enthalpies and the changes in enthalpy are 


Tr2 ~ 
Pr2 = 


A 

T cr 

A 

Per 


947 K 
276 K 
100 kPa 
6683 kPa 


= 3.434 


= 0.015 


Z h2 = -0.0004869 
Z s2 =0.0004057 


(from EES) 


Ah 2 = Z hl RT cr = (-0.0004869)(0.2246 kJ/kg.K)(276 K) = -0.03015 kJ/kg 

^2 =m ^C0 2 ^C0 2 ,2 +m fcH 4 ^CH 4 ,2 “ 

= (0.8917X-8248) + (0. 1083)(-2503) - (-0.03015) = -7625 kJ/kg 

Noting that the heat transfer is zero, an energy balance on the system gives 

Qin -W out = = -Mh 2 - *i) 

where the mass flow rate is 


m = 


PM 

Z\RT\ 


(1000 kPa)(0. 180m 3 /s) 

( 1 .003)(0.2246 kJ/kg. K)( 1 300 K) 


0.6149 kg/s 


Substituting, 

^ out =-(0.6149 kg/s)[(— 7625) — (-7047) kJ/kg] =356 kW 
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13-101 A stream of gas mixture at a given pressure and temperature is to be separated into its constituents steadily. The 
minimum work required is to be determined. 

Assumptions 1 Both the N 2 and C0 2 gases and their mixture are ideal gases. 2 This is a steady-flow process. 3 The kinetic 
and potential energy changes are negligible. 

Properties The molar masses of N 2 and C0 2 are 28.0 and 44.0 kg/kmol. (Table A-l). 


Analysis The minimum work required to separate a gas mixture into 
its components is equal to the reversible work associated with the 
mixing process, which is equal to the exergy destruction (or 
irreversibility) associated with the mixing process since 


y, s = W -W 

^destroyed rr rev, out rr act ,u 


710 


= w, 


= T n S. 


rev, out x 0 ° gen 


where S gen is the entropy generation associated with the steady-flow 
mixing process. The entropy change associated with a constant 
pressure and temperature adiabatic mixing process is determined from 



*«.=!>■=-«. 2 > In y t = -(8.314 kJ/kmol • K)[o.5 ln(0.5) + 0.5 ln(0.5)] 
= 5.763 kJ/kmol • K 


M m = Z y-M • = (0.5X28 kg/kmol) + (0.5X44 kg/kmol) = 36 kg/kmol 


S gen 


Sgen 5.763 kJ/kmol -K 


M 


m 


36 kg/kmol 


= 0.1601 kJ/kg-K 


•^destroyed = ^gen = ( 30 ° K X 0 ' 1601 kJ/k g ' K ) = 48 '° k Vkg 
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13-102E The mass percentages of a gas mixture are given. This mixture is expanded in an adiabatic, steady-flow turbine of 
specified isentropic efficiency. The second law efficiency and the exergy destruction during this expansion process are to 
be determined. 


Assumptions All gases will be modeled as ideal gases with constant specific heats. 

Properties The molar masses of N 2 , He, CH 4 , and C 2 H 6 are 28.0, 4.0, 16.0, and 30.0 lbm/lbmol, respectively (Table A- IE). 
The constant-pressure specific heats of these gases at room temperature are 0.248, 1.25, 0.532, and 0.427 Btu/lbm-R, 
respectively (Table A-2Ea). 


Analysis For 1 lbm of mixture, the mole numbers of each component are 


Nm 

M m 

M m 

M m 


m 


N2 


M 


N2 


0.15 lbm 
28 lbm/lbmol 


= 0.005357 lbmol 


m 


He 


M 


He 


m 


CH4 


M 


Ch4 


m C2H6 


M 


C2H6 


0.05 lbm 
4 lbm/lbmol 
0.6 lbm 
16 lbm/lbmol 
0.20 lbm 
30 lbm/lbmol 


= 0.0125 lbmol 


= 0.0375 lbmol 


= 0.006667 lbmol 


The mole number of the mixture is 


400 psia 
500°F 



N m = Nq 2 + N C02 + A He = 0.005357 + 0.0125 + 0.0375 + 0.006667 = 0.06202 lbmol 

The apparent molecular weight of the mixture is 

, „ m w 1 lbm , ^ ^ „ 

M = = = 16.12 lbm/lbmol 

N m 0.065202 lbmol 


The apparent gas constant of the mixture is 

1.9858 lbm/lbmol -R 


R 

R = — — 


= 0.1232 Btu/lbm-R 


M m 16.12 lbm/lbmol 

The constant-pressure specific heat of the mixture is determined from 
c p = m ^N2^/?,N2 + m ^He C p,H& + m fcH4 C /?,CH4 + m fc2H6 C /?,C2H6 

= 0.15 x 0.248 + 0.05 x 1.25 + 0.60 x 0.532 + 0.20 x 0.427 
= 0.5043 Btu/lbm-R 

Then the constant- volume specific heat is 

c v = c p -R = 0.5043 -0.1232 = 0.3811 Btu/lbm-R 

The specific heat ratio is 

k = c^ = 05043 =1 323 
0.3811 

The temperature at the end of the expansion for the isentropic process is 


Tis=Tx 


r p 


V P i 7 


= (960 R) 


r . X 0.323/1 .323 

20 psia 


= 462.0 R 


400 psia 

Using the definition of turbine isentropic efficiency, the actual outlet temperature is 
T 2 = t \ -*hmb( T \ - T 2s ) = (960 R)- (0.85X960 -462.0)= 536.7 R 
The entropy change of the gas mixture is 


To 


Pn 


s 2 - S] = c _ In R In — = (0.5043) In 


p T, P, 


r ’-j 

— - (0. 1232) In = 0.07583 Btu/lbm • R 

960 400 
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The actual work produced is 

w out =h l -h 2 =c p (T { -T 2 ) = (0.5043 Btu/lbm • R)(960 - 536.7) R = 213.5 Btu/lbm 
The reversible work output is 

rev, out = h \ ~ h 2 ~ T 0 (s { -s 2 ) = 213.5 Btu/lbm - (537 R)(-0.07583 Btu/lbm • R) = 254.2 Btu/lbm 
The second-law efficiency and the exergy destruction are then 

= _^out_ = 31M = 0.840 = 84.0% 

w rev , out 254.2 

•^dest = Wrev.out - ^out = 2 54.2 - 213.5 = 40.7 Btu/lbm 
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13-103 A program is to be written to determine the mole fractions of the components of a mixture of three gases 

with known molar masses when the mass fractions are given, and to determine the mass fractions of the components when 
the mole fractions are given. Also, the program is to be run for a sample case. 

Analysis The problem is solved using EES, and the solution is given below. 


Procedure Fractions(Type$,A$,B$,C$AB,C:rnf_A,rnf_B,rnf_C,y_A,y_B,y_C) 

{If Type$ <> ('mass fraction' OR 'mole fraction' ) then 

Call ERROR('Type$ must be set equal to "mass fraction" or "mole fraction".') 

GOTO 10 

endif} 

Sum = A+B+C 

If ABS(Sum - 1 ) > 0 then goto 20 
MM_A = molarmass(A$) 

MM_B = molarmass(B$) 

MM_C = molarmass(C$) 

If Type$ = 'mass fraction' then 
mf_A = A 
mf_B = B 
mf_C = C 

sumM_mix = mf_A/MM_A+ mf_B/MM_B+ mf_C/MM_C 

y_A = mf_A/M M_A/su m Mm ix 

y_B = mf_B/MM_B/sumM_mix 

yC = mf_C/MM_C/sumM_mix 

GOTO 10 

endif 

if Type$ = 'mole fraction' then 
y_A = A 
y_B = B 
y_C = C 

MMmix = y_A*MM_A+ y_B*MM_B+ y_C*MM_C 

m f_A = y_A*MM_A/MM_mix 

mf_B = y_B*MM_B/MM_mix 

mf_C = y_C*MM_C/MM_mix 

GOTO 10 

Endif 

Call ERROR('Type$ must be either mass fraction or mole fraction.') 

GOTO 10 
20 : 

Call ERROR('The sum of the mass or mole fractions must be T) 

10 : 

END 


"Either the mole fraction yj or the mass fraction mfj may be given by setting the parameter Type$='mole fraction' when the 
mole fractions are given or Type$='mass fraction' is given" 

{Input Data in the Diagram Window} 

{Type$='mole fraction' 

A$ = 'N2' 

B$ = '02' 

C$ = 'Argon' 

A = 0.71 "When Type$='mole fraction' A, B, C are the mole fractions" 

B = 0.28 "When Type$='mass fraction' A, B, C are the mass fractions" 

0 = 0 . 01 } 

Call Fractions(Type$A$,B$ ! C$,A,B,C:mf_A,mf_B,mf_C,y_A,y_B,y_C) 


SOLUTION 

A=0.71 

C=0.01 

mf_C=0.014 

y_B=0.280 


A$='N2' B=0.28 

C$='Argon' mf_A=0.680 

Type$='mole fraction' 
y_C=0.010 


B$='02' 

mf_B=0.306 

y_A=0.710 
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13-104 



A program is to be written to determine the entropy change of a mixture of 3 ideal gases when the mole 


fractions and other properties of the constituent gases are given. Also, the program is to be run for a sample case. 
Analysis The problem is solved using EES, and the solution is given below. 


T1=300 [K] 

T2=600 [K] 

PI =100 [kPa] 

P2=500 [kPa] 

A$ = 'N2' 

B$ = '02' 

C$ = 'Argon' 
y_A = 0.71 
y_B = 0.28 
y_C = 0.01 

MM_A = molarmass(A$) 

MM_B = molarmass(B$) 

MM_C = molarmass(CS) 

MMjmix = y_A*MM_A+ y_B*MM_B+ y_C*MM_C 

mf_A = y_A*MM_A/MM_mix 

mf__B = y_B*MM_B/MM_mix 

mf_C = y_C*MMJ3/MM_mix 

DELTAs_mix=mf_A*(entropy(A$,T=T2,P=y_B*P2)- 

entropy(A$,T=T1 ,P=y_A*P1))+mf_B*(entropy(B$,T=T2,P=y_B*P2)- 

entropy(B$,T=T1 ,P=y_B*P1))+mf_C*(entropy(C$,T=T2,P=y_C*P2)-entropy(C$,T=T1,P=y_C*P1)) 


SOLUTION 

A$='N2' 

B$='02' 

C$='Argon' 

DELTAs_mix=12.41 [kJ/kg-K] 

mf_A=0.68 

mf_B=0.3063 

mLC=0.01366 

MM A=28.01 [kg/kmol] 

MM_B=32 [kg/kmol] 

MM_C=39.95 [kg/kmol] 

MM mix=29.25 [kJ/kmol] 

PI =100 [kPa] 

P2=500 [kPa] 

T1=300 [K] 

T2=600 [K] 
y_A=0.71 
y_B=0.28 
y_C=0.01 
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13-105 An ideal gas mixture whose apparent molar mass is 20 kg/kmol consists of nitrogen N 2 and three other gases. If the 
mole fraction of nitrogen is 0.55, its mass fraction is 

(a) 0.15 (b) 0.23 (c) 0.39 (d) 0.55 (e) 0.77 

Answer (e) 0.77 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


M_mix=20 "kg/kmol" 

M N2=28 "kg/kmol" 
yJM2=0.55 

mf_N2=(M_N2/M_mix)*y_N2 

"Some Wrong Solutions with Common Mistakes:" 

W1_mf = y_N2 "Taking mass fraction to be equal to mole fraction" 
W2_mf= y_N2*(M_mix/M_N2) "Using the molar mass ratio backwords" 
W3_mf= 1-mf_N2 "Taking the complement of the mass fraction" 


13-106 An ideal gas mixture consists of 2 kmol of N 2 and 6 kmol of C0 2 . The mass fraction of C0 2 in the mixture is 
(a) 0.175 (b) 0.250 (c) 0.500 (d) 0.750 (e) 0.825 

Answer (e) 0.825 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


N1=2 "kmol" 

N2=6 "kmol" 

N_mix=N1 +N2 
MM 1=28 "kg/kmol" 

MM2=44 "kg/kmol" 
m_mix=N1*MM1 +N2*MM2 
mf2=N2*MM2/m_mix 

"Some Wrong Solutions with Common Mistakes:" 
W1_mf = N2/N_mix "Using mole fraction" 

W2_mf = 1-mf2 "The wrong mass fraction" 
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13-107 An ideal gas mixture consists of 2 kmol of N 2 and 4 kmol of C0 2 . The apparent gas constant of the mixture is 
(a) 0.215 kJ/kg-K (b) 0.225 kJ/kg-K (c) 0.243 ld/kg-K (d) 0.875 ld/kg-K (e) 1.24 kJ/kg-K 

Answer (a) 0.215 kJ/kg-K 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Ru=8.314 "kJ/kmol.K" 

N1=2 "kmol" 

N2=4 "kmol" 

MM1 =28 "kg/kmol" 

MM2=44 "kg/kmol" 

R1 =Ru/MM1 
R2=Ru/MM2 
N_mix=N1 +N2 
y1=N1/N_mix 
y2=N2/N_mix 

MM_mix=y1 *MM1+y2*MM2 
R_mix=Ru/MM_mix 

"Some Wrong Solutions with Common Mistakes:" 

W1_Rmix =(R1+R2)/2 "Taking the arithmetic average of gas constants" 
W2_Rmix= y1*R1+y2*R2 "Using wrong relation for Rmixture" 


13-108 A rigid tank is divided into two compartments by a partition. One compartment contains 3 kmol of N 2 at 400 kPa 
pressure and the other compartment contains 7 kmol of C0 2 at 200 kPa. Now the partition is removed, and the two gases 
form a homogeneous mixture at 250 kPa. The partial pressure of N 2 in the mixture is 

(a) 75 kPa (b) 90 kPa (c) 125 kPa (d) 175 kPa (e) 250 kPa 

Answer (a) 75 kPa 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PI = 400 "kPa" 

P2 = 200 "kPa" 

P_mix=250 "kPa" 

N1=3 "kmol" 

N2=7 "kmol" 

MM1 =28 "kg/kmol" 

MM2=44 "kg/kmol" 

N_mix=N1 +N2 
y1=N1/N_mix 
y2=N2/N_mix 
P_N2=y1*P_mix 

"Some Wrong Solutions with Common Mistakes:" 

W1_P1= P_mix/2 "Assuming equal partial pressures" 

W2_P1= mf1*P_mix; mf1=N1*MM1/(N1*MM1+N2*MM2) "Using mass fractions" 
W3_P1 = P_mix*N1*P1/(N1 *P1+N2*P2) "Using some kind of weighed averaging" 
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13-109 An 80-L rigid tank contains an ideal gas mixture of 5 g of N 2 and 5 g of C0 2 at a specified pressure and 
temperature. If N 2 were separated from the mixture and stored at mixture temperature and pressure, its volume would be 

(a) 32 L (b) 36 L (c)40L (d) 49 L (e)80L 

Answer (d) 49 L 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


V_mix=80 "L" 
ml =5 "g" 
m2=5 "g" 

MM1 =28 "kg/kmol" 

MM2=44 "kg/kmol" 

N1=m1/MM1 
N2=m2/MM2 
N_mix=N1 +N2 
y1=N1/N_mix 
V1=y1*V_mix "L" 

"Some Wrong Solutions with Common Mistakes:" 
W1_V1=V_mix*m1/(m1+m2) "Using mass fractions" 

W2_V1= V_mix "Assuming the volume to be the mixture volume" 


13-110 An ideal gas mixture consists of 3 kg of Ar and 6 kg of C0 2 gases. The mixture is now heated at constant volume 
from 250 K to 350 K. The amount of heat transfer is 

(a) 374 kJ (b) 436 kJ (c) 488 kJ (d) 525 kJ (e)664kJ 

Answer (c) 488 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T1=250 "K" 

T2=350 "K" 

Cvl =0.3122; CpI =0.5203 "kJ/kg.K" 

Cv2=0.657; Cp2=0.846 "kJ/kg.K" 
ml =3 "kg" 
m2=6 "kg" 

MM1 =39.95 "kg/kmol" 

MM2=44 "kg/kmol" 

"Applying Energy balance gives Q=DeltaU=DeltaU_Ar+DeltaU_C02" 

Q=(m1 *Cv1 +m2*Cv2)*(T2-T1 ) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Q = (ml +m2)*(Cv1 +Cv2)/2*(T2-T 1 ) "Using arithmetic average of properties" 
W2_Q = (ml *Cp1 +m2*Cp2)*(T2-T 1 )"Using Cp instead of Cv" 

W3_Q = (ml *Cv1 +m2*Cv2)*T2 "Using T2 instead of T2-T1" 
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13-111 An ideal gas mixture consists of 60% helium and 40% argon gases by mass. The mixture is now expanded 
isentropically in a turbine from 400°C and 1.2 MPa to a pressure of 200 kPa. The mixture temperature at turbine exit is 


13-88 


(a) 56°C (b) 195°C (c) 130°C (d) 112°C (e)400°C 

Answer (a) 56°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T1=400+273"K" 

PI =1200 "kPa" 

P2=200 "kPa" 
mf_He=0.6 
mf_Ar=0.4 
kl =1.667 
k2=1 .667 

"The specific heat ratio k of the mixture is also 1 .667 since k=1 .667 for all componet gases" 
k_mix=1 .667 

T2=T1 *(P2/P1 ) A ((k_mix-1 )/k_mix)-273 
"Some Wrong Solutions with Common Mistakes:" 

W1T2 = (T 1 -273)*(P2/P1 ) A ((k_mix-1 )/k_mix) "Using C forTI instead of K" 

W2_T2 = T1 *(P2/P1 ) A ((k_air-1 )/k_air)-273; k_air=1 .4 "Using k value for air" 

W3_T2 = T1*P2/P1 "Assuming T to be proportional to P" 
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13-112 One compartment of an insulated rigid tank contains 2 kmol of C0 2 at 20°C and 150 kPa while the other 
compartment contains 5 kmol of H 2 gas at 35°C and 300 kPa. Now the partition between the two gases is removed, and the 
two gases form a homogeneous ideal gas mixture. The temperature of the mixture is 

(a) 25°C (b) 29°C (c) 22°C (d) 32°C (e) 34°C 

Answer (b) 29°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


N_H2=5 "kmol" 

T1_H2=35 "C" 

P1_H2=300 "kPa" 

N_C02=2 "kmol" 

T1_CO2=20 "C" 

P1_C02=1 50 "kPa" 

Cv_H2=10.183; Cp_H2=1 4.307 "kJ/kg.K" 

Cv_CO2=0.657; CpJ3O2=0.846 "kJ/kg.K" 

MM_H2=2 "kg/kmol" 

MM C02=44 "kg/kmol" 
m_H2=N H2*MM H2 
m_C02=N_C02*MM_C02 

"Applying Energy balance gives 0=DeltaU=DeltaU_H2+DeltaU_CO2" 
0=m_H2*Cv_H2*(T2-T1_H2)+m_CO2*Cv_CO2*(T2-T1_CO2) 

"Some Wrong Solutions with Common Mistakes:" 

0=m_H2*Cp_H2*(W1_T2-T1_H2)+m_CO2*Cp_CO2*(W1_T2-T1_CO2) "Using Cp instead of Cv" 
0=N_H2*Cv_H2*(W2_T2-T1_H2)+N C02*Cv_C02*(W2_T2-T1_C02) "Using N instead of mass" 
W3_T2 = (T1_H2+T1_C02)/2 "Assuming averate temperature" 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


13-90 


13-113 A piston-cylinder device contains an ideal gas mixture of 3 kmol of He gas and 7 kmol of Ar gas at 50°C and 400 
kPa. Now the gas expands at constant pressure until its volume doubles. The amount of heat transfer to the gas mixture is 

(a) 6.2 MJ (b) 42 MJ (c) 27 MJ (d) 10 MJ (e) 67 MJ 

Answer (e) 67 MJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


N_He=3 "kmol" 

N_Ar=7 "kmol" 

T1 =50+273 "C" 

PI =400 "kPa" 

P2=P1 

"T2=2T1 since PV/T=const for ideal gases and it is given that P=constant" 

T2=2*T1 "K" 

MMJHe=4 "kg/kmol" 

MM Ar=39.95 "kg/kmol" 
m_He=N_He*MM He 
m_Ar=N_Ar*MM_Ar 
Cp_Ar=0.5203; Cv_Ar = 31 22 "kJ/kg.C” 

Cp_He=5.1 926; Cv_He = 3.1156 "kJ/kg.K" 

"For a P=const process, Q=DeltaH since DeltaU+Wb is DeltaH" 

Q=m_Ar*Cp_Ar*(T2-T 1 )+m_He*Cp_He*(T2-T1 ) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Q =m_Ar*Cv_Ar*(T2-T 1 )+m_He*Cv_He*(T2-T 1 ) "Using Cv instead of Cp" 
W2_Q=N_Ar*Cp_Ar*(T2-T 1 )+N_He*Cp_He*(T2-T 1 ) "Using N instead of mass" 
W3_Q=m_Ar*Cp_Ar*(T22-T 1 )+m_He*Cp_He*(T22-T1); T22=2*(T1 -273)+273 "Using C for T1" 
W4_Q=(m_Ar+m_He)*0.5*(Cp_Ar+Cp__He)*(T2-T 1 ) "Using arithmetic averate of Cp" 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


13-91 


13-114 An ideal gas mixture of helium and argon gases with identical mass fractions enters a turbine at 1500 K and 1 MPa 
at a rate of 0. 12 kg/s, and expands isentropically to 100 kPa. The power output of the turbine is 

(a) 253 kW (b) 310 kW (c) 341 kW (d) 463 kW (e) 550 kW 

Answer (b)310kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


m=0.1 2 "kg/s" 

T1=1500 "K" 

PI =1000 "kPa" 

P2=100 "kPa" 
mf_He=0.5 
mf_Ar=0.5 
k_He=1 .667 
k_Ar=1 .667 
Cp_Ar=0.5203 
Cp_He=5.1 926 

Cp_mix=mf_He*Cp_He+mf_Ar*Cp_Ar 

"The specific heat ratio k of the mixture is also 1 .667 since k=1 .667 for all componet gases" 
k_mix=1 .667 

T2=T1 *(P2/P1 ) A ((k_mix-1 )/k_mix) 

-W_out=m*Cp_mix*(T2-T 1 ) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Wout= - m*Cp_mix*(T22-T1); T22 = (T1 -273)*(P2/P1) A ((k_mix-1)/k_mix)+273 "Using C for T1 instead of K" 
W2_Wout= - m*Cp_mix*(T222-T 1 ) ; T222 = T1*(P2/P1) A ((k_air-1)/k_air)-273; k_air=1 .4 "Using k value for air" 
W3_Wout= - m*Cp_mix*(T2222-T1); T2222 = T1*P2/P1 "Assuming T to be proportional to P" 

W4_Wout= - m*0.5*(Cp_Ar+Cp_He)*(T2-T1) "Using arithmetic average for Cp" 


13-115 ... 13-118 Design and Essay Problem 
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Dry and Atmospheric Air: Specific and Relative Humidity 


14-2 


14-1C Dry air does not contain any water vapor, but atmospheric air does. 


14-2C Yes; by cooling the air at constant pressure. 


14-3C Yes. 


14-4C Specific humidity will decrease but relative humidity will increase. 


14-5C Yes, the water vapor in the air can be treated as an ideal gas because of its very low partial pressure. 


14-6C The same. This is because water vapor behaves as an ideal gas at low pressures, and the enthalpy of an ideal gas 
depends on temperature only. 


14-7C Specific humidity is the amount of water vapor present in a unit mass of dry air. Relative humidity is the ratio of the 
actual amount of vapor in the air at a given temperature to the maximum amount of vapor air can hold at that temperature. 


14-8C The specific humidity will remain constant, but the relative humidity will decrease as the temperature rises in a 
well-sealed room. 


14-9C The specific humidity will remain constant, but the relative humidity will decrease as the temperature drops in a 
well-sealed room. 


14-10C A tank that contains moist air at 3 atm is located in moist air that is at 1 atm. The driving force for moisture transfer 
is the vapor pressure difference, and thus it is possible for the water vapor to flow into the tank from surroundings if the 
vapor pressure in the surroundings is greater than the vapor pressure in the tank. 
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14-11C Insulations on chilled water lines are always wrapped with vapor barrier jackets to eliminate the possibility of 
vapor entering the insulation. This is because moisture that migrates through the insulation to the cold surface will 
condense and remain there indefinitely with no possibility of vaporizing and moving back to the outside. 


14-3 


14-12C When the temperature, total pressure, and the relative humidity are given, the vapor pressure can be determined 
from the psy chrome trie chart or the relation P v = 0P sat where P sat is the saturation (or boiling) pressure of water at the 

specified temperature and (j) is the relative humidity. 


14-13 A tank contains dry air and water vapor at specified conditions. The specific humidity, the relative humidity, and the 
volume of the tank are to be determined. 


Assumptions The air and the water vapor are ideal gases. 

Analysis (a) The specific humidity can be determined form its definition, 

0.3 kg 


co = 


m. 


m. 


21kg 


= 0.0143 kg H 2 0/kg dry air 


(, b ) The saturation pressure of water at 30°C is 
Pg = ^sat @ 30 °c = 4.2469 kPa 

Then the relative humidity can be determined from 

coP _ (0.0143)(100 kPa) 

^ " (0.622 + co)P g ~ (0.622 + 0.0143)(4.2469 kPa) 


21 kg dry air 
0.3 kg H 2 0 vapor 


30°C 
100 kPa 


(c) The volume of the tank can be determined from the ideal gas relation for the dry air, 
P v = (/)P g = (0.529)(4.2469 kPa) = 2.245 kPa 
P a =P-P V = 100-2.245 = 97.755 kPa 
„ "i a R a T (21 kg)(0.287 kJ/kg • K)(303 K) 3 

P a 97.755 kPa 
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14-4 


14-14 A tank contains dry air and water vapor at specified conditions. The specific humidity, the relative humidity, and the 
volume of the tank are to be determined. 

Assumptions The air and the water vapor are ideal gases. 

Analysis ( a ) The specific humidity can be determined form its definition, 

n q rp 

0) = ^ '- = — — 2- = 0.0143 kg H 2 0/kg dry air 

m a 21kg 

( b ) The saturation pressure of water at 24°C is 

Pg = ^sat @ 20 °c = 2.339 kPa 
Then the relative humidity can be determined from 

4 = ^ = (a ° 143)(100kPa) = 0.960 = 96.0% 

(0.622 + <o)P e (0.622 + 0.0143)2.339 kPa 

o 

(c) The volume of the tank can be determined from the ideal gas relation for the dry air, 

P v = (f)P g = (0.960)(2.339 kPa) = 2.245 kPa 
P a = P - P v = 100 - 2.245 = 97.755 kPa 
v= m a R a T _ (21kg)(0.287kJ/kg-K)(293K) _ 1S ^ 

P a 97.755 kPa 


21 kg dry air 
0.3 kg H 2 0 vapor 
20°C 
100 kPa 


14-15 A room contains air at specified conditions and relative humidity. The partial pressure of air, the specific humidity, 
and the enthalpy per unit mass of dry air are to be determined. 

Assumptions The air and the water vapor are ideal gases. 


Analysis (a) The partial pressure of dry air can be determined from 
P v = </>P g = ^P sat@ 2 o° c = (0.85)(2.3392 kPa) = 1.988 kPa 
p a =p-p v =98-1.988 = 96.01 kPa 


(b) The specific humidity of air is determined from 


0.622 P 

(0 = 

P-P 

1 1 v 


(0.622X1.988 kPa) 
(98-1.988) kPa 


0.0129 kg H 2 0/kg dry air 



(c) The enthalpy of air per unit mass of dry air is determined from 
h = h a + (oh v = c p T + coh g 
= (1 .005 kJ/kg • °C)(20°C) + (0.0129)(2537.4 kJ/kg) 

= 52.78 kJ/kg dry air 
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14-16 A room contains air at specified conditions and relative humidity. The partial pressure of air, the specific humidity, 
and the enthalpy per unit mass of dry air are to be determined. 

Assumptions The air and the water vapor are ideal gases. 


Analysis (a) The partial pressure of dry air can be determined from 
P v =jP g — ^P sat @ 2 o°c = (0.85)(2.3392 kPa) = 1 .988 kPa 
P a = P - P v = 85-1.988 = 83.01 kPa 


(b) The specific humidity of air is determined from 


0.622 P v 

co = 

P-P 

1 1 v 


(0.622)(1 .988 kPa) 
(85-1.988) kPa 


0.0149 kg H 2 0/kg dry air 



(c) The enthalpy of air per unit mass of dry air is determined from 


h = h a + coh v = c p T + coh g 
= (1.005 kJ/kg • °C)(20°C) + (0.0149)(2537.4 kJ/kg) 

= 57.90 kJ/kg dry air 


14-17E A room contains air at specified conditions and relative humidity. The partial pressure of air, the specific humidity, 
and the enthalpy per unit mass of dry air are to be determined. 

Assumptions The air and the water vapor are ideal gases. 

Analysis ( a ) The partial pressure of dry air can be determined from 

P v = <jP g = ^P sat @ 85 o F = (0.60)(0.5966 psia) = 0.358 psia 

P a =P- P v = 13.5 - 0.358 = 13.14 psia 

(b) The specific humidity of air is determined from 

0.622 P v (0.622X0.358 psia) „ 0/1 , , . 

co = = 0.0169 lbm H 7 0/lbm dry air 

P-P v (13.5 -0.358) psia 

(c) The enthalpy of air per unit mass of dry air is determined from 

h = h a + coh v =c p T + coh g 

= (0.24 Btu/lbm • °F)(85°F) + (0.0 169)( 1098.3 Btu/lbm) 

= 39.01 Btu/lbm dry air 
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14-6 


14-18 The masses of dry air and the water vapor contained in a room at specified conditions and relative humidity are to be 
determined. 


Assumptions The air and the water vapor are ideal gases. 

Analysis The partial pressure of water vapor and dry air are determined to be 
P v = (j)P g = #> sat @ 23 o C = (0.50)(2.8 1 1 kPa) = 1 .41 kPa 
p a =P-P V =98 -1.41 = 96.59 kPa 


The masses are determined to be 


= 


m,, = 


P V 

a 


(96.59 kPa)(240m 3 ) 


R a T (0.287 kPa • m 7kg • K)(296 K) 


P V 

V 


(1.41kPa)(240m 3 ) 


P V T (0.4615 kPa • m 3 /kg • K)(296 K) 


= 272.9 kg 


= 2.47 kg 


ROOM 
240 m 3 
23°C 
98 kPa 
50% RH 


14-19E Humid air is expanded in an isentropic nozzle. The amount of water vapor that has condensed during the process is 
to be determined. 

Assumptions The air and the water vapor are ideal gases. 

Properties The specific heat ratio of air at room temperature is k = 1.4 (Table A-2a). The saturation properties of water are 
to be obtained from water tables. 


Analysis Since the mole fraction of the water vapor in this mixture is very small, 


T 2 = T \ 


P, 


S s 




(k-\)/k 


= (960 R) 


15 psia 
75 psia 


X 0.4/ 1.4 


= 606. 1R 


We will assume that the air leaves the nozzle at a relative humidity 
of 100% (will be verified later). The vapor pressure and specific 
humidity at the outlet are then 


75 psia 
500°F 
= 0.0 1 8 



15 psia 


p v,2 =</>2 P g ,2 =^sat@i46.i°F =( 1 .0)(3.381psi a ) = 3.381psia 


® 2 = 


0.622 P v2 

P ~ p v . 2 


(0.622)(3.381 psia) n , 0 , 1U TT , . 

= 0.181 lbmH 9 0/lbm dry air 

(15 -3.381) psia 


This is greater than the inlet specific humidity (0.018 lbm/lbm dry air), and thus there will be no condensation of water 
vapor: 

Aco = co x - co 2 = 0 Ibm H 2 0/lbm dry air 
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14-20 Humid air is compressed in an isentropic compressor. The relative humidity of the air at the compressor outlet is to 
be determined. 

Assumptions The air and the water vapor are ideal gases. 

Properties The specific heat ratio of air at room temperature is k = 1.4 (Table A-2a). The saturation properties of water are 
to be obtained from water tables. 


Analysis At the inlet, 

P v , i =faP gt i = ^i^sat @ 20 °c = (0*90)(2.3392 kPa) = 2. 105 kPa 

0.622P V j (0.622)(2. 105 kPa) AA10/11 „ ™ , . 

co 2 = ( 0 \ = = 0.0134 kg H 2 O/kg dry air 


P-P 


V,1 


(100-2.105) kPa 


Since the mole fraction of the water vapor in this mixture is very small, 


T 2 = T \ 


r p 


V P U 


= (293 K) 


800 kPa 


X 0.4/1. 4 


100 kPa 

The saturation pressure at this temperature is 


= 531 K 


p g , 2 =p sat@258°c =454 2k p a (from EES) 


800 kPa 



20°C 
90% RH 


The vapor pressure at the exit is 

. 2 P 2 = (0.01 34 )( 8 00) = i 687k pa 

’ co 2 +0.622 0.0134 + 0.622 

The relative humidity at the exit is then 


= = — = 0.0037 = 0 . 37 % 

P g . 2 4542 
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Dew-Point, Adiabatic Saturation, and Wet-bulb Temperatures 


14-8 


14-21C Dew-point temperature is the temperature at which condensation begins when air is cooled at constant pressure. 


14-22C Andy’s. The temperature of his glasses may be below the dew-point temperature of the room, causing 
condensation on the surface of the glasses. 


14-23C The outer surface temperature of the glass may drop below the dew-point temperature of the surrounding air, 
causing the moisture in the vicinity of the glass to condense. After a while, the condensate may start dripping down 
because of gravity. 


14-24C When the temperature falls below the dew-point temperature, dew forms on the outer surfaces of the car. If the 
temperature is below 0°C, the dew will freeze. At very low temperatures, the moisture in the air will freeze directly on the 
car windows. 


14-25C When the air is saturated (100% relative humidity). 


14-26C These two are approximately equal at atmospheric temperatures and pressure. 


14-27 A house contains air at a specified temperature and relative humidity. It is to be determined whether any moisture 
will condense on the inner surfaces of the windows when the temperature of the window drops to a specified value. 

Assumptions The air and the water vapor are ideal gases. 

Analysis The vapor pressure P v is uniform throughout the house, and its 
value can be determined from 

p v =</>P g@25 oc = (0.65)(3.1698 kPa) = 2.06 kPa 

The dew-point temperature of the air in the house is 

^dp — ^sat @ P v ~ ^sat @ 2.06 kPa — 18*0 C 

That is, the moisture in the house air will start condensing when the temperature drops below 18.0°C. Since the windows 
are at a lower temperature than the dew-point temperature, some moisture will condense on the window surfaces. 
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14-28 A person wearing glasses enters a warm room at a specified temperature and relative humidity from the cold 
outdoors. It is to be determined whether the glasses will get fogged. 

Assumptions The air and the water vapor are ideal gases. 

Analysis The vapor pressure P v of the air in the house is uniform 
throughout, and its value can be determined from 

P v =</> p g @25°c = (0.55X3.1 698 kPa) = 1.743 kPa 

The dew-point temperature of the air in the house is 

^dp = ^sat @ p v = ^sat @1.743 kPa = 15.3° C (Table A-5 or EES) 

That is, the moisture in the house air will start condensing when the air temperature drops below 15.3°C. Since the glasses 
are at a lower temperature than the dew-point temperature, some moisture will condense on the glasses, and thus they will 

get fogged. 



14-29 A person wearing glasses enters a warm room at a specified temperature and relative humidity from the cold 
outdoors. It is to be determined whether the glasses will get fogged. 

Assumptions The air and the water vapor are ideal gases. 

Analysis The vapor pressure P v of the air in the house is uniform 
throughout, and its value can be determined from 

p v = K @ 25 o C = (0.30X3. 1698 kPa) = 0.9509 kPa 

The dew-point temperature of the air in the house is 

^dp = ^sat @p v = ^sat@ 0.9509 kPa = 6.2°C (Table A-5 or EES) 

That is, the moisture in the house air will start condensing when the air temperature drops below 6.2°C. Since the glasses 
are at a higher temperature than the dew-point temperature, moisture will not condense on the glasses, and thus they will 

not get fogged. 



14-30E A woman drinks a cool canned soda in a room at a specified temperature and relative humidity. It is to be 
determined whether the can will sweat. 

Assumptions The air and the water vapor are ideal gases. 

Analysis The vapor pressure P v of the air in the house is uniform 
throughout, and its value can be determined from 

P v = (fP g @ 80 o F = (0.50)(0.50745 psia) = 0.254 psia 

The dew-point temperature of the air in the house is 

t a v =T sa t@ p v =7’ sat@ 0.254 psia = 59.7°F (from EES) 

That is, the moisture in the house air will start condensing when the air temperature drops below 59.7°C. Since the canned 
drink is at a lower temperature than the dew-point temperature, some moisture will condense on the can, and thus it will 

sweat. 
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14-31 The dry- and wet-bulb temperatures of atmospheric air at a specified pressure are given. The specific humidity, the 
relative humidity, and the enthalpy of air are to be determined. 

Assumptions The air and the water vapor are ideal gases. 

Analysis (a) We obtain the properties of water vapor from EES. The specific humidity co\ is determined from 

C p (^2 ~~ ^1 ) + ^2^/g2 

(O x — 

h g\ ~ h f2 

where T 2 is the wet-bulb temperature, and a ^ is determined from 

0.622P 2 (0.622)(1.938kPa) nnionci „ , . 

coj = = = 0.01295 kg H 9 0/kg dry air 

P 2 -P g 2 (95- 1.938) kPa 


95 kPa 
25°C 

T wb = 17°C 


Thus, 


(1.005 kJ/kg • °C)(17 - 25)°C + (0.01295)(2460.6kJ/kg) 
(2546.5-71.36) kJ/kg 


0.00963 kg H 2 0/kg dry air 


(, b ) The relative humidity (j)\ is determined from 

*= ^ = (0-00963)(95 kPa) = 0 45? Qr 45>?% 

(0.622 + co x )P gl (0.622 + 0.00963)(3.1698 kPa) 

(c) The enthalpy of air per unit mass of dry air is determined from 

h x =h al +co x h vl =c p T x +co x h gl = (1.005 kJ/kg •°C)(25°C) + (0.00963)(2546.5 kJ/kg) 

= 49.65 kJ/kg dry air 
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14-32 The dry- and wet-bulb temperatures of air in room at a specified pressure are given. The specific humidity, the 
relative humidity, and the dew-point temperature are to be determined. 

Assumptions The air and the water vapor are ideal gases. 

Analysis (a) We obtain the properties of water vapor from EES. The specific humidity coj is determined from 

C p (^2 - ^1 ) + ^2^/g2 


(O x - 


h g\ h f2 


where T 2 is the wet-bulb temperature, and o>i is determined from 


= 


0.622 P g2 _ (0.622)(2.488 kPa) 
P 2 -P g2 ~ (100- 2.488) kPa 


= 0.01587 kg HUO/kgdry air 



Thus, 


co x = 


(1.005 kJ/kg • °C)(21 - 26)°C + (0.01587)(2451.2 kJ/kg) 


(2548.3-88.10) kJ/kg 

( b ) The relative humidity (j>\ is determined from 

(0.01377)(100 kPa) 


= 0.01377 kg H 2 0/kg dry air 


(j) x = 


co x P x 


= 0.644 or 64.4% 


(0.622 + a x )P gl (0.622 + 0.01377)(3.3638 kPa) 

(c) The vapor pressure at the inlet conditions is 

P v \ — Pg i = ^i^sat@ 26 °c = (0.644)(3. 3638 kPa) = 2.166 kPa 

Thus the dew-point temperature of the air is 


^clp ~ ^sat @ P v ~ -^sat @ 2. 1 66 kPa - 18.8°C 
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14-33 EES Problem 14-32 is reconsidered. The required properties are to be determined using EES at 100 and 300 kPa 
pressures. 

Analysis The problem is solved using EES, and the solution is given below. 


Tdb=26 [C] 

Twb=21 [C] 

PI =100 [kPa] 

P2=300 [kPa] 

h1=enthalpy(AirH20,T=Tdb,P=P1 ,B=Twb) 
v1=volume(AirH20,T=Tdb,P=P1,B=Twb) 
Tdpl =dewpoint(AirH20,T=Tdb,P=P1 ,B=Twb) 
wl =humrat(AirH20,T=Tdb,P=P1 ,B=Twb) 

Rhl =relhum(AirH20,T=Tdb,P=P1 ,B=Twb) 

h2=enthalpy(AirH20,T=Tdb,P=P2,B=Twb) 

v2=volume(AirH20,T=Tdb,P=P2,B=Twb) 

Tdp2=dewpoint(AirH20,T=Tdb,P=P2,B=Twb) 

w2=humrat(AirH20,T=Tdb,P=P2,B=Twb) 

Rh2=relhum(AirH20,T=Tdb,P=P2,B=Twb) 

SOLUTION 

hi =6 1.25 [kJ/kg] 
h2=34.16 [kJ/kg] 

Pl=100 [kPa] 

P2=300 [kPa] 

Rhl=0.6437 
Rh2=0.4475 
Tdb=26 [C] 

Tdpl=18.76 
Tdp2=13.07 
Twb=21 [C] 
vl=0.8777 [m A 3/kg] 
v2=0.2877 [m A 3/kg] 
w 1=0.0 1376 [kg/kg] 
w2=0.003136 [kg/kg] 


Alternative Solution 

The following EES routine can also be used to solve this problem. The above EES routine uses built-in psychrometric 
functions whereas the one blow uses analytical expressions together with steam properties. 


"Given" 

T_db=26 [C] 

T_wb=21 [C] 

P=100 [kPa] 

"Properties" 

Fluid$='steam_iapws' 
P_g1=pressure(Fluid$, T=T_db, x=1) 
P_g2=pressure(Fluid$, T=T_wb, x=1) 
h_g1=enthalpy(Fluid$, T=T_db, x=1) 
h_g2=enthalpy(Fluid$, T=T_wb, x=1) 
h_f2=enthalpy(Fluid$, T=T_wb, x=0) 
h_fg2=h_g2-h_f2 
c_p=1 .005 [kJ/kg-C] "for air" 
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"Analysis" 

"(a)" 

w_2=(0.622*P_g2)/(P-P_g2) "kg H20/kg dry air" 
w_1 =(c_p*(T_wb-T_db)+w_2*h_fg2)/(h_g1-h_f2) 
"(b)" 

phil =(w_1 *P)/((0.622+w_1 )*P_g1 ) 

"(c)" 

P_v1=phi_1*P_g1 

T_dp=temperature(Fluid$, P=P_v1, x=1) 

SOLUTION 

c_p= 1.005 [kJ/kg-C] 

Fluid$='steam_iapws' 
h_f2=88. 1 [kJ/kg] 
h_fg2=2451.2 [kJ/kg] 
h_gl=2548.3 [kJ/kg] 
h_g2=2539.3 [kJ/kg] 

P=100 [kPa] 
phi_l=0.6439 
P_gl=3.3638 [kPa] 

P_g2=2.488 [kPa] 

P_vl=2.166 [kPa] 

T_db=26 [C] 

T_dp=18.8 [C] 

T_wb=2 1 [C] 
w_l=0. 01377 
w 2=0.01587 
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14-34E The dry- and wet-bulb temperatures of air in room at a specified pressure are given. The specific humidity, the 
relative humidity, and the dew-point temperature are to be determined. 

Assumptions The air and the water vapor are ideal gases. 

Analysis ( a ) The specific humidity co\ is determined from 

C p (^2 ~ ^1 ) + C0 2^ l fg2 


CO x = 


h g\ h f2 


where T 2 is the wet-bulb temperature, and a ^ is determined from 


&> 2 = 


0-622 P g2 _ (0.622X0.30578 psia) 
P 2 -P g2 ~ (14.7 -0.30578) psia 


= 0.01321 lbm H 2 O/lbm dry air 



Thus, 


co { = 


(0.24 Btu/lbm • °F)(65 - 80)°F + (0.01 321)( 1056.5 Btu/lbm) 
(1096.1- 33.08) Btu/lbm 


= 0.00974 lbm H 2 0/lbm dry air 


(, b ) The relative humidity (j)\ is determined from 

*= ^ = (0.00974)(14.7 psia) = 0 44? Qr 44?% 

(0.622 + <o x )P gl (0.622 + 0.00974)(0.50745 psia) 

(c) The vapor pressure at the inlet conditions is 

p vi = < l > \ p g\ =^i P sat@70“F =(0.447)(0.50745 psia) = 0.2268 psia 

Thus the dew-point temperature of the air is 

r dp = ^sat @ T\ = T’sat @ 0.2268 psia = 56 - 6 ° F < from EE S) 
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14-35 Atmospheric air flows steadily into an adiabatic saturation device and leaves as a saturated vapor. The relative 
humidity and specific humidity of air are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX = m a2 = rh a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Analysis The exit state of the air is completely specified, and the total pressure is 98 kPa. The properties of the moist air at 
the exit state may be determined from EES to be 


h 2 =78.11 kJ/kg dry air 

co 2 = 0.02079 kg H 2 0/kg dry air 

The enthalpy of makeup water is 

h w 2 = /zy@ 25 o C = 104.83 kJ/kg (Table A - 4) 

An energy balance on the control volume gives 

h\ +(a 2 -®l)K =h 2 

h x + (0.02079 - co x X104.83 kJ/kg) = 78.1 1 kJ/kg 



Pressure and temperature are known for inlet air. Other properties may be determined from this equation using EES. A 
hand solution would require a trial-error approach. The results are 

h x = 77.66 kJ/kg dry air 

co x =0.01654 kgH 2 0/kgdry air 
(j) x = 0.451 1 
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Psychrometric Chart 


14-16 


14-36C They are very nearly parallel to each other. 


14-37C The saturation states (located on the saturation curve). 


14-38C By drawing a horizontal line until it intersects with the saturation curve. The corresponding temperature is the 
dew-point temperature. 


14-39C No, they cannot. The enthalpy of moist air depends on co, which depends on the total pressure. 



14-40 The pressure, temperature, and relative humidity of air in a room are specified. Using the psychrometric chart, 
the specific humidity, the enthalpy, the wet-bulb temperature, the dew-point temperature, and the specific volume of the air 
are to be determined. 


Analysis From the psychrometric chart (Fig. A-31) we read 


(a) 

CO = 

■ 0.0087 kg H 2 0 / kg dry air 

(b) 

h - 

45.4kJ/kg dry air 

(c) 


= 16.3°C 

id) 

T dp 

= 12.0°C 

(e) 

v = 

0.851m 3 / kg dry air 
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14-41 



Problem 14-40 is reconsidered. The required properties are to be determined using EES. Also, the properties 


are to be obtained at an altitude of 2000 m. 

Analysis The problem is solved using EES, and the solution is given below. 


Tdb=23 [C] 

Rh=0.50 

PI =1 01 .325 [kPa] 

Z = 2000 [m] 

P2=101 .325*(1-0.02256*Z*convert(m,km)) A 5.256 "Relation giving P as a function of altitude" 

h1=enthalpy(AirH20,T=Tdb,P=P1 ,R=Rh) 
vl =volume(AirH20,T=Tdb,P=P1 ,R=Rh) 

Tdp1=dewpoint(AirH20,T=Tdb,P=P1 ,R=Rh) 
wl =humrat(AirH20,T=Tdb,P=P1 ,R=Rh) 

Twbl =wetbulb(AirH20,T=Tdb,P=P1 ,R=Rh) 

h2=enthalpy(AirH20,T=Tdb,P=P2,R=Rh) 

v2=volume(AirH20,T=Tdb,P=P2,R=Rh) 

Tdp2=dewpoint(AirH20,T=Tdb,P=P2,R=Rh) 

w2=humrat(AirH20,T=Tdb,P=P2,R=Rh) 

Twb2=wetbulb(AirH20,T=Tdb,P=P2,R=Rh) 

SOLUTION 

hi =45. 4 [kJ/kg] 
h2=51.62 [kJ/kg] 

Pl=101.3 [kPa] 

P2=79.49 [kPa] 

Rh=0.5 
Tdb=23 [C] 

Tdpl=12.03 [C] 

Tdp2=12.03 [C] 

Twbl=16.25 [C] 

Twb2=15.67 [C] 
vl=0.8507 [m A 3/kg] 
v2= 1.089 [m A 3/kg] 
w 1=0.008747 [kg/kg] 
w2=0.01119 [kg/kg] 

Z=2000 [m] 


Discussion The atmospheric pressure for a given elevation can also be obtained from Table A- 16 of the book. 
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14-42 The pressure and the dry- and wet-bulb temperatures of air in a room are specified. Using the psychrometric chart, 
the specific humidity, the enthalpy, the relative humidity, the dew-point temperature, and the specific volume of the air are 
to be determined. 

Analysis From the psychrometric chart (Fig. A-31) we read 

(a) co = 0.0092 kg H 2 0/ kg dry air 

(b) h - 47.6 kJ / kg dry air 

(c) (j) - 49.6% 
id) r dp =12.8°C 

(e) v = 0.855 m 3 / kg dry air 


14-43 



Problem 14-42 is reconsidered. The required properties are to be determined using EES. Also, the properties 


are to be obtained at an altitude of 3000 m. 


Analysis The problem is solved using EES, and the solution is given below. 


Tdb=24 [C] 

Twb=17 [C] 

PI =101. 325 [kPa] 

Z = 3000 [m] 

P2=101.325*(1-0.02256*Z*convert(m,km)) A 5.256 "Relation giving P as function of altitude" 

h1=enthalpy(AirH20,T=Tdb,P=P1 ,B=Twb) 
vl =volume(AirH20,T=Tdb,P=P1 ,B=Twb) 
Tdp1=dewpoint(AirH20,T=Tdb,P=P1,B=Twb) 
wl =humrat(AirH20,T=Tdb,P=P1 ,B=Twb) 

Rh1=relhum(AirH20,T=Tdb,P=P1 ,B=Twb) 

h2=enthalpy(AirH20,T=Tdb,P=P2,B=Twb) 

v2=volume(AirH20,T=Tdb,P=P2,B=Twb) 

Tdp2=dewpoint(AirH20,T=Tdb,P=P2,B=Twb) 

w2=humrat(AirH20,T=Tdb,P=P2,B=Twb) 

Rh2=relhum(AirH20,T=Tdb,P=P2,B=Twb) 


SOLUTION 

hl=47.61 [kJ/kg] 
Pl=101.3 [kPa] 
Rhl=0.4956 
Tdb=24 [C] 
Tdp2=14.24 [C] 
v 1=0.8542 [m A 3/kg] 
w 1=0.0092 19 [kg/kg] 
Z=3000 [m] 


h2=61.68 [kJ/kg] 
P2=70.1 1 [kPa] 
Rh2=0.5438 
Tdpl=12.81 [C] 
Twb=17 [C] 
v2= 1.245 [m A 3/kg] 
w2=0. 01475 [kg/kg] 


Discussion The atmospheric pressure for a given elevation can also be obtained from Table A- 16 of the book. 
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14-44E The pressure, temperature, and relative humidity of air are specified. Using the psychrometric chart, the wet-bulb 
temperature, specific humidity, the enthalpy, the dew-point temperature, and the water vapor pressure are to be determined. 

Analysis From the psychrometric chart in Fig. A-31E or using EES psychrometric functions we obtain 

(a) r wb =81.6°C 

( b ) co = 0.02141bm H 2 0/lbmdry air 

(c) h = 45.2 Btu/lbm dry air 
(J) T dp = 78.9°F 

(e) P v = (/>P g = ^P sat @ 90 o F = (0.70)(0.69904 psia) = 0.489 psia 


Air 
1 atm 
90°F 
70% RH 


14-45 The pressure, temperature, and wet-bulb temperature of air are specified. Using the psychrometric chart, the relative 
humidity, specific humidity, the enthalpy, the dew-point temperature, and the water vapor pressure are to be determined. 

Analysis From the psychrometric chart in Fig. A- 3 1 or using EES psychrometric functions we obtain 

(a) (j) = 0.242 = 24.2% 

(b) co = 0.0072 kg H 2 0/ kg dry air 

(c) h = 50.6 kJ/kg dry air 
id) T dp =9.1°C 

(e) P v = (/>P g = ^P sat @ 32 °c - (0.242) (4. 760 kPa) = 1.15 kPa 


Air 
1 atm 
32°C 

r wh =i8°c 
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14-46 The pressure, temperature, and wet-bulb temperature of air are specified. The adiabatic saturation temperature is to 
be determined. 


Analysis For an adiabatic saturation process, we obtained Eq. 14-14 in the text, 

c p (^2 “ ^ 1 ) + 

( 0 \ — 

h g\ ~ h f 2 

This requires a trial-error solution for the adiabatic saturation 
temperature, T 2 . The inlet state properties are 

co x = 0.0072 kg H 2 0 / kg dry air 
= hg@ 32°c — 2559.2 kJ/kg 


1 atm 
32°C 
T wb =18°C 


AIR 

► 


j Water 

y 

Humi difier 

< 

< ► 100 % 

kr 


As a first estimate, let us take T 2 =18°C (the inlet wet-bulb temperature). Also, at the exit, the relative humidity is 100% 
( (j) 2 = 1 ) and the pressure is 1 atm. Other properties at the exit state are 

co 2 = 0.0130 kg H 2 0/ kg dry air 

h/ 2 =hf@ i8°c =75.54 kJ/kg (Table A -4) 
h fg2 =h fg@ 18°C =2458.3 kJ/kg (Table A -4) 

Substituting, 

c p (T 2 -T x ) + co 2 h fg2 (1.005)(18 -32) + (0.0130)(2458.3) AAA , OA1 , . 

co ] = = = 0.00720kg H ? 0/ kg dry air 

h gl -h f2 2559.2-75.54 

which is equal to the inlet specific humidity. Therefore, the adiabatic saturation temperature is 
T 2 = 18°C 

Discussion This result is not surprising since the wet-bulb and adiabatic saturation temperatures are approximately equal to 
each other for air- water mixtures at atmospheric pressure. 


14-47E The pressure, temperature, and wet-bulb temperature of air are specified. Using the psy chrome trie chart, the relative 
humidity, specific humidity, the enthalpy, the dew-point temperature, and the water vapor pressure are to be determined. 

Analysis From the psychrometric chart in Fig. A-31E or using EES psychrometric functions we obtain 

(a) ^ = 0.615 = 61.5% 

( b ) co = 0.0188 lbmH 2 0/ lbm dry air 

(c) h = 42.3 Btu/lbm dry air 
(J) T wb = 78.9°F 

( e ) P v = (j)P g = $P sat @ 28 o C = (0.615)(0.69904 psia) = 0.430 psia 


Air 
1 atm 
90°F 
r dp =75°F 
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14-48E The pressure, temperature, and wet-bulb temperature of air are specified. The adiabatic saturation temperature is to 
be determined. 


Analysis For an adiabatic saturation process, we obtained Eq. 14-14 in the text, 


c p(l 2 T l ) + C0 2 hfg 2 

(Q\ — 

h g\ ~ h f 2 

This requires a trial-error solution for the adiabatic saturation 
temperature, T 2 . The inlet state properties are 

co 1 = 0.0188 lbmH 2 0/lbm dry air (Fig. A-31E) 
h g i = h g @ 90 o F = 1 100.4 Btu/lbm (Table A-4E) 


1 atm 
90°F 
r dp =75°F 


AIR 

► 


| Water 

y 

Humi difier 

< 

< ► 100 % 


As a first estimate, let us take T 2 =78.9°F « 79°F (the inlet wet-bulb temperature). Also, at the exit, the relative humidity is 
100% ( 02 = 1 ) and the pressure is 1 atm. Other properties at the exit state are 

co 2 = 0.0215 lbmH 2 0/ lbm dry air 

h f 2 = hf @ 79 o F = 47.07 Btu/lbm (Table A - 4E) 
hjo 2 - hj g @ 79 o F = 1048.6 Btu/lbm (Table A - 4E) 

Substituting, 

c p (T 2 -T x ) + co 2 h fg2 (0.240)(79- 90) + (0.0215)(1 048.6) nA1oniu „^ /lu , . 

CD] = = = 0.0189 lbm H ? 0/ lbm dry air 

h gl -h f2 1100.4-47.07 

which is sufficiently close to the inlet specific humidity (0.0188). Therefore, the adiabatic saturation temperature is 
T 2 = 79°F 

Discussion This result is not surprising since the wet-bulb and adiabatic saturation temperatures are approximately equal to 
each other for air- water mixtures at atmospheric pressure. 
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Human Comfort and Air-Conditioning 
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14-49C It humidifies, dehumidifies, cleans and even deodorizes the air. 


14-50C ( a ) Perspires more, ( b ) cuts the blood circulation near the skin, and (c) sweats excessively. 


14-5 1C It is the direct heat exchange between the body and the surrounding surfaces. It can make a person feel chilly in 
winter, and hot in summer. 


14-52C It affects by removing the warm, moist air that builds up around the body and replacing it with fresh air. 


14-53C The spectators. Because they have a lower level of activity, and thus a lower level of heat generation within their 
bodies. 


14-54C Because they have a large skin area to volume ratio. That is, they have a smaller volume to generate heat but a 
larger area to lose it from. 


14-55C It affects a body’s ability to perspire, and thus the amount of heat a body can dissipate through evaporation. 


14-56C Humidification is to add moisture into an environment, dehumidification is to remove it. 


14-57C The metabolism refers to the burning of foods such as carbohydrates, fat, and protein in order to perform the 
necessary bodily functions. The metabolic rate for an average man ranges from 108 W while reading, writing, typing, or 
listening to a lecture in a classroom in a seated position to 1250 W at age 20 (730 at age 70) during strenuous exercise. The 
corresponding rates for women are about 30 percent lower. Maximum metabolic rates of trained athletes can exceed 2000 
W. We are interested in metabolic rate of the occupants of a building when we deal with heating and air conditioning 
because the metabolic rate represents the rate at which a body generates heat and dissipates it to the room. This body heat 
contributes to the heating in winter, but it adds to the cooling load of the building in summer. 


14-58C The metabolic rate is proportional to the size of the body, and the metabolic rate of women, in general, is lower 
than that of men because of their smaller size. Clothing serves as insulation, and the thicker the clothing, the lower the 
environmental temperature that feels comfortable. 
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14-59C Sensible heat is the energy associated with a temperature change. The sensible heat loss from a human body 
increases as ( a ) the skin temperature increases, ( b ) the environment temperature decreases, and (c) the air motion (and thus 
the convection heat transfer coefficient) increases. 


14-60C Latent heat is the energy released as water vapor condenses on cold surfaces, or the energy absorbed from a warm 
surface as liquid water evaporates. The latent heat loss from a human body increases as ( a ) the skin wetness increases and 
( b ) the relative humidity of the environment decreases. The rate of evaporation from the body is related to the rate of latent 
heat loss by <2i atent = m vapor h/ g where Jy g is the latent heat of vaporization of water at the skin temperature. 


14-61 A department store expects to have a specified number of people at peak times in summer. The contribution of 
people to the sensible, latent, and total cooling load of the store is to be determined. 

Assumptions There is a mix of men, women, and children in the classroom. 

Properties The average rate of heat generation from people doing light work is 1 15 W, and 70% of is in sensible form (see 
Sec. 14-6). 

Analysis The contribution of people to the sensible, latent, and total cooling load of the store are 
people, total = (No. of people) x <2 person , total = 245 X (1 15 W) = 28,180 W 
Gpeople, sensible =(No.of people) X Q pcrs0 n, sensible = 245 X (0.7 X 1 15 W) = 19,720 W 
Gpeopie, latent = (No. of people) X g person , latent = 245 X (0.3 X 1 15 W) = 8450 W 


14-62E There are a specified number of people in a movie theater in winter. It is to be determined if the theater needs to be 
heated or cooled. 

Assumptions There is a mix of men, women, and children in the classroom. 

Properties The average rate of heat generation from people in a movie theater is 105 W, and 70 W of it is in sensible form 
and 35 W in latent form. 

Analysis Noting that only the sensible heat from a person contributes to the heating load of a building, the contribution of 
people to the heating of the building is 

Gpeopie. sensible = (No. of people) x £„ sensible = 500 x (70 W) = 35.000 W = 119,420 Btu/h 

since 1 W = 3.412 Btu/h. The building needs to be heated since the heat gain from people is less than the rate of heat loss of 
130,000 Btu/h from the building. 
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14-63 The infiltration rate of a building is estimated to be 0.9 ACH. The sensible, latent, and total infiltration heat loads of 
the building at sea level are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air infiltrates at the outdoor conditions, and exfiltrates at the indoor 
conditions. 3 Excess moisture condenses at room temperature of 24°C. 4 The effect of water vapor on air density is 
negligible. 

Properties The gas constant and the specific heat of air are R = 0.287 kPa.mVkg.K and c p = 1.005 kJ/kg-°C (Table A-2). 
The heat of vaporization of water at 24°C is hj g = hj g @ 24 ° c = 2444.1 kJ/kg (Table A-4). The properties of the ambient and 

room air are determined from the psychrometric chart (Fig. A-31) to be 


T 

J ambient 


'ambient 


= 38°C 
= 35% 


f ^ambient = 0.01458 kg/kg dryair 


T = 24° C 

1 room ^ ^ 


$ 


room 


= 55% 


Wroom = 0.01024 kg/kg dryair 


Analysis Noting that the infiltration of ambient air will cause the air in the cold storage room to be changed 0.9 times every 
hour, the air will enter the room at a mass flow rate of 


Pn 


/^ambient 


101.325 kPa 


RT 0 (0.287 kPa.m 3 /kg.K)(38 + 273 K) 


= 1.135 kg/m 


m air = amb i en t ACH = (1 . 1 35 kg/m 3 )(20 x 1 3 x 3 m 3 )(0.9 h ‘‘ ) = 797.0 kg/h = 0.22 1 4 kg/s 

Then the sensible, latent, and total infiltration heat loads of the room are determined to be 

^infiltration, sensible = V p (T dmhieat - 7^) = (0.2214 kg/s)(1.005 kl/kg.°C)(38 - 24)°C = 3.11 kW 
^infiltration, latent = <r K mbient ~ ^rootn )* f g = (0-2214 kg/ S )(0.01458 - 0.01024)(2444. 1 kl/kg) = 2.35 kW 


^infi 


infiltration, total 


= Q\ 


infiltration, sensible 


+ 6infi 


infiltration, latent 


= 3.11 + 2.35 = 5.46 kW 


Discussion The specific volume of the dry air at the ambient conditions could also be determined from the psychrometric 
chart at ambient conditions. 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



14-25 


14-64 The infiltration rate of a building is estimated to be 1.8 ACH. The sensible, latent, and total infiltration heat loads of 
the building at sea level are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air infiltrates at the outdoor conditions, and exfiltrates at the indoor 
conditions. 3 Excess moisture condenses at room temperature of 24°C. 4 The effect of water vapor on air density is 
negligible. 

Properties The gas constant and the specific heat of air are R = 0.287 kPa.mVkg.K and c p = 1.005 kJ/kg-°C (Table A-2). 
The heat of vaporization of water at 24°C is hj g = hj g @ 24 ° c = 2444.1 kJ/kg (Table A-4). The properties of the ambient and 

room air are determined from the psychrometric chart (Fig. A-31) to be 


T 

J ambient 


'ambient 


= 38°C 
= 35% 


f ^ambient = 0.01458 kg/kg dryair 


T 

room 


$ 


room 


= 24° Cl 


= 55% 


> w 


room 


= 0.01024 kg/kg dryair 


Analysis Noting that the infiltration of ambient air will cause the air in the cold storage room to be changed 1.8 times every 
hour, the air will enter the room at a mass flow rate of 


Pn 


/^ambient 


101.325 kPa 


RT 0 (0.287 kPa.m 3 /kg.K)(38 + 273 K) 


= 1.135 kg/m 


m air = PambientKoomACH = (1.135 kg/m 3 )(20 x 1 3 x 3 m 3 )( 1 .8 h 1 ) = 1594 kg/h = 0.4427 kg/s 


Then the sensible, latent, and total infiltration heat loads of the room are determined to be 


^infiltration, sensible 
^infiltration, latent 
^infiltration, total 


= mairC, (T ambient - T room ) = (0.4427 kg/s)(l .005 kJ/kg.°C)(38 - 24)°C = 6.23 kW 
- m air ( w ambient - w room )h fg = (0.4427 kg/s)(0.01458 - 0.01024)(2444. 1 kJ/kg) = 4.69 kW 

= ^infiltration, sensible + ^infiltration, latent = ^.23 + ^-69 = 10.92 kW 


Discussion The specific volume of the dry air at the ambient conditions could also be determined from the psychrometric 
chart at ambient conditions. 


14-65 An average person produces 0.25 kg of moisture while taking a shower. The contribution of showers of a family of 
four to the latent heat load of the air-conditioner per day is to be determined. 

Assumptions All the water vapor from the shower is condensed by the air-conditioning system. 

Properties The latent heat of vaporization of water is given to be 2450 kJ/kg. 

Analysis The amount of moisture produced per day is 

m va por = (Moisture produced per person) (No. of persons) 

= (0.25 kg / person)(4 persons / day) = 1 kg / day 

Then the latent heat load due to showers becomes 

Qiatent = "'vapo, 7 ' f g = ( 1 kg / day)(2450 kJ / kg) = 2450 kj / day 
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14-66 There are 100 chickens in a breeding room. The rate of total heat generation and the rate of moisture production in 
the room are to be determined. 

Assumptions All the moisture from the chickens is condensed by the air-conditioning system. 

Properties The latent heat of vaporization of water is given to be 2430 kJ/kg. The average metabolic rate of chicken during 
normal activity is 10.2 W (3.78 W sensible and 6.42 W latent). 

Analysis The total rate of heat generation of the chickens in the breeding room is 

Ggen, total = 4 gen, total (No. of chickens) = (10.2 W / chicken)(100 chickens) = 1020 W 
The latent heat generated by the chicken and the rate of moisture production are 

^2 gen, latent — *7 gen, latent (No. of chickens) 

= (6.42 W/chicken)( 100 chickens) = 642 W 
= 0.642 kW 


Sgen, latent 

IZ 


0.642 kJ/s 


= 0.000264 kg/s = 0.264 g/s 
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Simple Heating and Cooling 


14-27 


14-67C Relative humidity decreases during a simple heating process and increases during a simple cooling process. 
Specific humidity, on the other hand, remains constant in both cases. 


14-68C Because a horizontal line on the psychrometric chart represents a co = constant process, and the moisture content co 
of air remains constant during these processes. 


14-69 Humid air at a specified state is cooled at constant pressure to the dew-point temperature. The cooling required for 
this process is to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (m aX = m a2 = m a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 

Analysis The amount of moisture in the air remains constant {co x = &> 2 ) as it flows through the cooling section since the 
process involves no humidification or dehumidification. The inlet and exit states of the air are completely specified, and the 
total pressure is 1 atm. The properties of the air at the inlet state are determined from the psychrometric chart (Figure A-31) 
to be 

h x — 7 1 .3 kJ/kg dry air 
co x = 0.0161 kg H 2 0/kg dry air (=co 2 ) 

T dp , i = 21.4°C 

The exit state enthalpy is 
P = 1 atm 

T 2 = r dp j = 21.4°C > h 2 = 62.4 kJ/kg dry air 
(j> 2 =\ 

From the energy balance on air in the cooling section, 

q out =h x -h 2 =71.3-62.4 = 8.9 kJ/kg dry air 
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14-70E Humid air at a specified state is heated at constant pressure to a specified temperature. The relative humidity at the 
exit and the amount of heat required are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX = m a2 = rh a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Analysis The amount of moisture in the air remains constant {co x = co^) as it flows through the heating section since the 
process involves no humidification or dehumidification. The inlet state of the air is completely specified, and the total 
pressure is 40 psia. The properties of the air at the inlet and exit states are determined to be 


P V\ = < ! > \ p g\ = ^i P sat@ 50 °F =(0.90)(0. 17812 psia) = 0.16031 psia 
h gl = h g @ 50 o F = 1083.1 Btu/lbm 

0.622 P vl 0.622(0. 16031 psia) 

(Os = = 

P x - P vX (40 -0.1 603 1) psia 
= 0.002503 lbm H 2 0/lbm dry air 
h x = c p T x + co x h g i 



= (0.240 Btu/lbm - o F)(50°F) + (0.002503)(1 083.1 Btu/lbm) = 14.71 Btu/lbm dry air 


P v 2 = P vX =0.1 6031 psia 
Pg2 = ^sat@120°F =1-6951 psia 

0.1 6031 psia 9 46% 

P g 2 1-6951 psia 

h g 2 =hg@ 120°F =11 13.2 Btu/lbm 
CO 2 = CO x 

^2 “ c pT 2 + co lhg2 

= (0.240 Btu/lbm- °F)(120°F) + (0.002503)(1 1 13.2 Btu/lbm) = 31.59 Btu/lbm dry air 
From the energy balance on air in the heating section, 

<7in =h 2 ~ h \ =31.59 -14.71 = 16.9 Btu/lbm dry air 
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14-71 Air enters a cooling section at a specified pressure, temperature, velocity, and relative humidity. The exit 
temperature, the exit relative humidity of the air, and the exit velocity are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m al = m a2 = m a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 


Analysis (a) The amount of moisture in the air remains constant (a) x = co 2 ) as it flows through the cooling section since the 
process involves no humidification or dehumidification. The inlet state of the air is completely specified, and the total 
pressure is 1 atm. The properties of the air at the inlet state are determined from the psychrometric chart (Figure A- 3 1 or 
EES) to be 


h x = 76.14 kJ/kg dry air 

co x = 0.01594 kg H 2 O/kg dry air {-(o 2 ) 

t/j = 0.8953 m 3 / kg dry air 

The mass flow rate of dry air through the cooling section is 
til a =~V l A l 

= — (18m/s)Ox0.3 2 /4m 2 ) 

(0.8953m 3 /kg) 

= 1.421 kg/s 




From the energy balance on air in the cooling section, 

-Gout =rh a (h 2 -h l ) 

- (750/60) kJ/s = (1.421 kg/s )(h 2 - 76.14) kJ/kg 
h 2 =67.35 kJ/kg dry air 


(b) The exit state of the air is fixed now since we know both h 2 and CO 2 . From the psychrometric chart at this state we read 


T 2 = 26.5°C 
(j) 2 =73.1% 

i/ 2 = 0.8706 m 3 / kg dry air 

(c) The exit velocity is determined from the conservation of mass of dry air, 

V x 0 2 V X A V 2 A 

m a\ = m a2 = > = 

(/ 2 v x c / 2 

V 2 =— V, = (18 m/s) = 17.5 m/s 

c/, 0.8953 
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14-72 Air enters a cooling section at a specified pressure, temperature, velocity, and relative humidity. The exit 
temperature, the exit relative humidity of the air, and the exit velocity are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX = m a2 = m a ) .2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 


Analysis (a) The amount of moisture in the air remains constant (co x = co 2 ) as it flows through the cooling section since the 
process involves no humidification or dehumidification. The inlet state of the air is completely specified, and the total 
pressure is 1 atm. The properties of the air at the inlet state are determined from the psychrometric chart (Figure A- 3 1 or 
EES) to be 


h x - 76.14 kJ/kg dry air 

co x = 0.01594 kg H 2 O/kg dry air {-co 2 ) 

t/j = 0.8953 m 3 / kg dry air 

The mass flow rate of dry air through the cooling section is 
m a =—V l A 1 

= ^ — - (18m/s)(ffx0.3 2 /4m 2 ) 

(0.8953m 3 /kg) 

= 1.421 kg/s 




From the energy balance on air in the cooling section, 

-Gout =m a ( h 2 ~ h \) 

-(1100/ 60) kJ/s = ( 1 .42 1 kg/s )(h 2 -76.14) kJ/kg 
h 2 = 63.24 kJ/kg dry air 


( b ) The exit state of the air is fixed now since we know both h 2 and coj. From the psychrometric chart at this state we read 


T 2 = 22.6°C 
(j) 2 = 92.6% 

i/ 2 = 0.8591 m 3 / kg dry air 


(c) The exit velocity is determined from the conservation of mass of dry air, 


Ki 

V 2 



</2 

V 1 


Vi 


l/l l / 2 


t/l 


{/ 


V X A _ V 2 A 

1/1 c / 2 


0.859 1 .. . 

(18 m/s) = 17.3 m/s 

0.8953 
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14-73 Saturated humid air at a specified state is heated to a specified temperature. The relative humidity at the exit and the 
rate of heat transfer are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( rh al = m a2 = rh a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Analysis The amount of moisture in the air remains constant {co x = co 2 ) as it flows through the heating section since the 
process involves no humidification or dehumidification. The inlet state of the air is completely specified, and the total 
pressure is 200 kPa. The properties of the air at the inlet and exit states are determined to be 

P v \ =( / > \Pg\ ~0i^sat@i5°c = (1 -0)(1 . 7057 kPa) = 1.7057 kPa 
hgi = hg@ i5°c — 2528.3 kJ/kg 
P al = P, - P vl = 200-1.7057 = 198.29 kPa 


Then, 


= 


KTi 


P. 


a 1 


(0.287 kPa • m J / kg • K)(288 K) 
198.29 kPa 



= 0.4168 nr /kg dry air 


co x = 


0.622 P, 0.622(1 .7057 kPa) 


Pi~P v i 


= 0.005350 kg H 2 0/kg dry air 


(200- 1.7057) kPa 

h x = Cp T x + co x h gX = (1.005 kJ/kg • °C)(15°C) + (0.005350)(2528.3 kJ/kg) = 28.60 kJ/kg dry air 
P y2 =P vl = 1.7057 kPa 


P g 2 =P* 


sat @ 30°C 


= 4.2469 kPa 


P. 


v2 


P 


§2 


1.7057 kPa 
4.2469 kPa 


= 0.402 = 40.2% 


hg2 —hg@ 3o°c —2555.6 kJ/kg 

co 2 = CO\ 

h 2 = c p T 2 + co 2 hg 2 = (1.005 kJ/kg • °C)(30°C) + (0.005350)(2555.6 kJ/kg) = 43.82 kJ/kg dry air 


Vi=Vi A X =V X 


nD 

4 


= (20 m/s) 


^(0.04 m) 2 A 
4 


= 0.02513 m J /s 


m a = 


c/, 


c/, 


0.02513 m /s 


= 0.06029 kg/s 


i 0.4168 m /kg dry air 
From the energy balance on air in the heating section, 

Gin = ( h 2 -h x ) = (0.06029 kg/s)(43.82 - 28.60)kJ/kg = 0.91 8 kW 
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14-74 Saturated humid air at a specified state is heated to a specified temperature. The rate at which the exergy of the 
humid air is increased is to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (m aX = m a2 = m a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Analysis The amount of moisture in the air remains constant (co x = co 2 ) as it flows through the heating section since the 
process involves no humidification or dehumidification. The inlet state of the air is completely specified, and the total 
pressure is 200 kPa. The properties of the air at the inlet and exit states are determined to be 

P vX — $\Pg\ = ^i^sat @ 1 5 °c = (1*0)(1.7057 kPa) = 1.7057 kPa 

hg\ = hg@ i 5 °c — 2528.3 kJ/kg 


si 


= s 


15 o C =8.7803 kJ/kg -K 


P aX = P =200 -1.7057 = 198.29 kPa 


(/< = 


0): = 


vl 


R C ,T X (0.287 kPa-m 3 / kg -K)(288K) 3 ,, , • 

= 0.4168 m /kg dry air 


P 


al 


0.622 P 


vl 


198.29 kPa 
0.622(1.7057 kPa) 



Pi ~Pa 


= 0.005350 kg H 2 0/kg dry air 


(200- 1.7057) kPa 

h x = Cp T x + co x h gX = (1.005 kJ/kg • °C)(15°C) + (0.005350)(2528.3 kJ/kg) = 28.60 kJ/kg dry air 


P v2 =P vX = 1.7057 kPa 


P g2 =P 


sat @ 30 


o C = 4.2469 kPa 


02 “ 


P, 


v2 


P 


8 2 


1.7057 kPa 
4.2469 kPa 


= 0.402 = 40.2% 


p a2 =P 2 -P v2 =200-1.7057 = 198.29 kPa 
hg 2 ~^g@ 3o°c —2555.6 kJ/kg 


g 2 “^^@30 


co 2 = co x 


o C =8.4520 kJ/kg -K 


h 2 =c p T 2 +co 2 h g2 = (1.005 kJ/kg - o C)(30°C) + (0.005350)(2555.6 kJ/kg) = 43.82 kJ/kg dry air 
The entropy change of the dry air is 


77 


P 


O 2 — ^ 1 ) dry air = C P In In -^- = (1 .005) In 


r, 


p 


a\ 


303 

288 


(0.287) In 


198.29 

198.29 


= 0.05 103 kJ/kg -K 


The entropy change of the air-water mixture is 

S 2 -S\ = (s 2 — ^ i ) dry air +^(^2 _ ^1 ) water vapor = 0.05 103 + (0.005350)(8.4520 - 8.7803) = 0.04927 kJ/kg • K 
The mass flow rate of the dry air is 


*'i=V 1 A 1 =V 1 


7lD 


= (20 m/s) 


^(0.04 m) n 
4 


= 0.02513 m J /s 


W 0.025 13 m J /s 


m a = 


= 0.06029 kg/s 


0.4168 m^ /kg dry air 

The exergy increase of the humid air during this process is then, 

AO = m a (y / 2 -Y l ) = m a [(h 2 -h x )- T 0 (s 2 -s l )] 

= (0.06029 kg/s)[( 43.82 - 28.60)kJ/kg - (288 K)(0.04927 kJ/kg • K)] = 0.062 kW 
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Heating with Humidification 
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14-75C To achieve a higher level of comfort. Very dry air can cause dry skin, respiratory difficulties, and increased static 
electricity. 


14-76 Air is first heated and then humidified by water vapor. The amount of steam added to the air and the amount of heat 
transfer to the air are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX = m a2 = rh a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychrometric chart (Figure A-31) to be 

h x = 3 1.1 kJ / kg dry air 
co x = 0.0064 kg H 2 0/kg dry air (= co 2 ) 
h 2 = 36.2 kJ / kg dry air 
h 3 = 58.1 kJ / kg dry air 
co 3 = 0.0129 kg H 2 0/kg dry air 

Analysis (a) The amount of moisture in the air 
remains constant it flows through the heating 
section (co x = co 2 ), but increases in the 
humidifying section (co 3 > co 2 )- The amount of 
steam added to the air in the heating section is 

A co = co 3 - co 2 = 0.0129 - 0.0064 = 0.0065 kg H 2 0 / kg dry air 

(b) The heat transfer to the air in the heating section per unit mass of air is 
q m = h 2 - h x = 36.2 -31.1 = 5.1 kJ / kg dry air 





© 


T 3 = 25°C 
<, h = 65% 


© 
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14-77E Air is first heated and then humidified by water vapor. The amount of steam added to the air and the amount of heat 
transfer to the air are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m al = m a2 = m a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychrometric chart (Figure A-31E or EES) to be 


h x - 12.40 Btu/lbm dry air 


co x = 0.002586 lbm H 2 0/lbm dry air 

h 2 = 1 8.44 Btu/lbm dry air 

co 2 = co x = 0.002586 lbm H 2 0/lbm dry air 

h 3 = 27. 10 Btu/lbm dry air 

co 2 = 0.008298 lbm H 2 0/lbm dry air 



Analysis (a) The amount of moisture in the air remains 
constant it flows through the heating section (co x = coz), but 
increases in the humidifying section (co 3 > co 2 ). The amount 
of steam added to the air in the heating section is 




T 3 


= 75°F 


(j) 3 = 45% 


A a) = o) 3 - co 2 = 0.008298 - 0.002586 = 0.0057 lbm H 2 0/lbm dry air 


(b) The heat transfer to the air in the heating section per unit mass of air is 
q in = h 2 - h x = 18.44 - 12.40 = 6.0 Btu/lbm dry air 
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14-78 Air is first heated and then humidified by wet steam. The temperature and relative humidity of air at the exit of 
heating section, the rate of heat transfer, and the rate at which water is added to the air are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (m aX = m a2 = m a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 


Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychrometric chart (Figure A-31) to be 


h x = 23.5 kJ/kg dry air 

co x = 0.0053 kg H 2 0/kg dry air (= co 2 ) 

c/j = 0.809 m 3 /kg dry air 

h 3 =42.3 kJ/kg dry air 

co 3 = 0.0087 kg H 2 0/kg dry air 

Analysis (a) The amount of moisture in the air remains 
constant it flows through the heating section ( (o x = co 2 ), 
but increases in the humidifying section {co 3 > co 2 ). The 
mass flow rate of dry air is 



m a = 


Vx 




35 m 3 / min 
0.809 m 3 / kg 


= 43.3kg/min 


Noting that Q = W =0, the energy balance on the humidifying section can be expressed as 
p _ p - a p 7,0 ( stead y) _ a 

^ out — system — u 

^in — ^out 


Hihihi = Z mX 


-> m w h w +m a2 h 2 = m a h 3 


(co 3 -CQ 2 )h w +h 2 =h 3 

Solving for h 2 , 

h 2 =h 3 - ( co 3 -co 2 )h^@ 100 o C = 42.3 - (0.0087 - 0.0053)(2675.6) = 33.2 kJ/kg dry air 


Thus at the exit of the heating section we have a>i = 0.0053 kg H 2 0 dry air and h 2 = 33.2 kJ/kg dry air, which completely 
fixes the state. Then from the psychrometric chart we read 

T 2 = 19.5°C 
= 37 . 8 % 

(b) The rate of heat transfer to the air in the heating section is 

Qin = m a ( h 2 ~ h \) = ( 43 - 3 kg/min)(33.2 - 23.5) kJ/kg = 420kJ/min 

(c) The amount of water added to the air in the humidifying section is determined from the conservation of mass equation 
of water in the humidifying section, 

m w = m a ( co 3 —co 2 ) = (43.3 kg/min)(0.0087 - 0.0053) = 0.15 kg/min 
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14-79 Air is first heated and then humidified by wet steam. The temperature and relative humidity of air at the exit of 
heating section, the rate of heat transfer, and the rate at which water is added to the air are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow 
rate of dry air remains constant during the entire process 
( m aX = m a 2 = m a ) . 2 Dry air and water vapor are ideal gases. 3 The 


kinetic and potential energy changes are negligible. 

Analysis (a) The amount of moisture in the air also remains 
constant it flows through the heating section ( co\ = co?), but 
increases in the humidifying section (co 3 > co 2 ). The inlet 
and the exit states of the air are completely specified, and 
the total pressure is 95 kPa. The properties of the air at 
various states are determined to be 


10°C 

70% - 

35 m / min 


' ’ Heating ^ 
coils 


pn 


Sat. vapor 
100°C 

Humidifier 


20°C 

60% 




P vl = faP gl = </>i P s at @ io°c = (0.70)(1 .228 1 kPa) = 0.860 kPa (= P v2 ) 


P al = P x - P vl = 95 - 0.860 = 94. 14 kPa 


v \ 


RgT 1 

Pal 


(0.287 kPa • m 3 / kg • K)(283 K) 
94.14kPa 


= 0.863 m 3 / kg dry air 


CQ { 


0.622 P vX 
Pi -Pa 


0.622(0.86 kPa) 
(95-0.86) kPa 


= 0.00568 kg H 2 O/kg dry air (= co 2 ) 


h x = c p T x + co x h gX = (1.005 kJ/kg-°C)(10°C) + (0.00568)(2519.2 kJ/kg) = 24.36 kJ/kg dry air 
p v 3 = hPg 3 = ^sat@ 20 °c = (0.60)(2.3392 kPa) = 1.40 kPa 


co 3 = 


0.622 P v 3 _ 0.622(1 .40 kPa) 
P3-K3 ~ 


= 0.00930 kg H 2 0/kg dry air 


(95-1.40) kPa 

/13 = c p T 3 + co 3 h g 3 = (1.005 kJ/kg • °C)(20°C) + (0.0093)(2537.4 kJ/kg) = 43.70 kJ/kg dry air 


Also, 


C/, 


35 m / min 


m a = 


V\ 0.863 m 3 /kg 


= 40.6 kg/min 


Noting that Q = W = 0, the energy balance on the humidifying section gives 


77 —17 — \ J7 710 (steady) _ ^ 

^in out — LXCj system — u 


■> E Xn — E oui 


Tm e h e = Z m l h l 


-> m w K+™a2 h 2 =’ h a h 3 


*(®3 -C0 2 )h w +h 2 =h 3 


h 2 -h 3 - (co 3 - co 2 )h g @ 100 o C = 43.7 - (0.0093 - 0.00568) x 2675.6 = 34.0 kJ/kg dry air 

Thus at the exit of the heating section we have co = 0.00568 kg H 2 0 dry air and h 2 = 34.0 kJ/kg dry air, which completely 
fixes the state. The temperature of air at the exit of the heating section is determined from the definition of enthalpy, 

h 2 = c p T 2+a>2 h g2 = c p T 2 + (2500.9 + i. 827*2 ) 

34.0 = (1.005)T 2 + (0.00568X2500.9 + 1.82T 2 ) 

Solving for h 2 , yields 
T 2 = 19.5° C 

The relative humidity at this state is 


^2 


P 


v2 


P 


v2 


P 


^2 


P 


sat @ 19.5°C 


0.860 kPa 
2.2759 kPa 


= 0.377 or 37.7% 


(b) The rate of heat transfer to the air in the heating section becomes 

<2 in = m a ( h 2 -h x ) = (40.6 kg/min)(34.0 - 24.36) kJ/kg = 391kJ/min 

(c) The amount of water added to the air in the humidifying section is determined from the conservation of mass equation 
of water in the humidifying section, 

m w = m a {co 3 — o 2 ) = (40.6 kg / min)(0.0093 - 0.00568) = 0.147 kg / min 
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Cooling with Dehumidification 


14-37 


14-80C To drop its relative humidity to more desirable levels. 


14-81E Air is cooled and dehumidified at constant pressure. The amount of water removed from the air and the cooling 
requirement are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m al = m a2 = rh a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychrometric chart (Figure A-31E) to be 


and 


Also, 


h x = 52.2 Btu/lbm dry air 
co x = 0.0278 kg H 2 0/kg dry air 


*2=1-0 

h 2 =20.3 Btu/lbm dry air 
co 2 = 0.0076 kg H 2 0/kg dry air 


h w =hj: @ 60 o F = 28.08 Btu/lbm (Table A-4) 


T 2 = 50°F 
^2 = 100 % 




■ 

Cooling coils 

i 



■mm 


◄ — 


U 0 O A u , M 

h 6 b b 1 atm 
h 6 h 6 h Condensate! 


, AOT . Condensate 
60 F ! 

removal 

Q 


T i = 90°F 
= 90% 


Analysis The amount of moisture in the air decreases due to dehumidification (co 2 < co j). Applying the water mass balance 
and energy balance equations to the combined cooling and dehumidification section, 

Water Mass Balance : 


=m al a> 2 +m w 

Aa> = a> x -w 2 = 0.0278 - 0.0076 = 0.0202 Ibm H 2 0/lbm dry air 
Energy Balance : 

T7 _ P —A J7 <^° (steady) _ Q 

^ in ^ out system yj 

^in “ ^out 

'Lm l h l = Q ou , +'LmJi e 

Gout = th nl h l ~ (’ h a2 h 2 + th w h w ) = ( h l ~ h 2)~ ™w h 


w 


<y,;,ut = } h ~ h 2 -(®1 ~(0 2 )h 


w 


= (52.2 - 20. 3) Btu/lbm - (0.0202)(28.08) 

= 31.3 Btu/lbm dry air 
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14-82 Air is cooled and dehumidified at constant pressure. The amount of water removed from the air and the rate of 
cooling are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (. m aX = m a2 = m a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychrometric chart (Figure A-31) to be 


and 


Also, 


h x = 79.6 kJ/kg dry air 


co x = 0.0202 kg H 2 0/kg dry air 
c/j = 0.881 m 3 /kg dry air 


- 1*0 

h 2 =51.0 kJ/kg dry air 

co 2 = 0.0 1 30 kg H 2 O/kg dry air 


K —h/@ 2o°c - 83.915 kJ/kg 


T 2 = 18°C 
(/) 2 = 100 % 


Cooling coils 



h ~ 6 b b 1 atm 

j? 4 & 4 & ^ Condensate 


i 




20°C 


Condensate 

removal 


(Table A-4) 


T x = 28°C 
Td P i=25° 


Analysis The amount of moisture in the air decreases due to dehumidification {co 2 < &>i)- The mass flow rate of air is 
0 X (10,000/ 3600) m 3 Is 


m a\ = 


C/, 


= 3.153 kg/s 


i 0.88 lm^ / kg dry air 

Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section, 
Water Mass Balance : 


= Z m we >m a 1®1 =m a2 (0 2 +m w 

m w =m a (ct> l -w 2 ) = (3.153 kg/s)(0.0202 -0.0130) = 0.0227 kg/s 


Energy Balance : 


^in ^out 


A ip <^0 (steady) _ n 
system u 


E;„ = E, 


in 


'out 

Z m i h i = Q out +'Lm e h e 


Gout = ,h a\ h \ - ( ,il a2 h 2 + »■ hvK ) = m a (h \ ~ h) ~ ,h J l w 

Q out = (3.153 kg/s)(79.6 - 5 1 .0)kJ/kg - (0.02227 kg/s)(83.9 15 kJ/kg) 


= 88.3 kW 
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14-83 Air is cooled and dehumidified at constant pressure. The syatem hardware and the psychrometric diagram are to be 
sketched and the inlet volume flow rate is to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (m al = m a2 = rh a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Properties (a) The schematic of the cooling and dehumidifaction process and the the process on the psychrometric chart are 
given below. The psychrometric chart is obtained from the Property Plot feature of EES. 



(b) The inlet and the exit states of the air are completely specified, and the total pressure is 101.3 kPa (1 atm). The 
properties of the air at the inlet and exit states are determined from the psychrometric chart (Figure A-31 or EES) to be 


and 


Also, 


7d p = 26.7°C 
h x - 96.5 kJ/kg dry air 
a>i = 0.0222 kg H 2 0/kg dry air 

"3 

c/j = 0.916 nr /kg dry air 

T 2 = T 2 -10 = 26.7-10 = 16.7°C 
= 1.0 

h 2 = 46.9 kJ/kg dry air 

co 2 = 0.01 19 kg H 2 0/kg dry air 


' 

r , 

Cooling coils 

k 


To =16.7°F 1 




<p 2 =100%* 

^ b « b 101.3 kPa 
h a h 6 Condensate 



lie Contl “ s f 

removal 

© 


7>39°C 

0i=5O% 


h w =h f@l6rc =70. 10 kJ/kg (Table A-4) 


Analysis Applying the water mass balance and energy balance equations to the 
section, 


combined cooling and dehumidification 


Water Mass Balance : 


I = Z m we >m al w l = m a2 w 2 +m w 

m w = m a {a x -(0 2 ) 
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Energy Balance : 


p _p - \p <^0 (steady) 

system w 


in 


'out 


'out 

E m =E 

'Lm,h l = Q out +Tm e h e 

Gout = -0»«2 /! 2 +><K) 

= m a (/*! - h 2)- >h w h w 
= m a (h x —h 2 ) — m a (co x - co 2 )h 

Solving for the mass flow rate of dry air, 

QquX. 


w 


in = 

" L a 


1340kW 


(h x - h 2 ) - (co x - co 2 )h w (96.5- 46.9) kJ/kg- (0.0222- 0.0 1 19)(70.1 kJ/kg) 


The volume flow rate is then determined from 

V x =m a v x = (27.4 kg/s)(0.916m 3 /kg) =25.1 m 3 /s 


27.4 kg/s 
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14-84E Saturated humid air at a specified state is cooled at constant pressure to a specified temperature. The rate at which 
liquid water is formed and the rate of cooling are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m al = m a2 = m a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 


Analysis The amount of moisture in the air remains 
constant (coi = co 2 ) a s it flows through the heating section 
since the process involves no humidification or 
dehumidification. The inlet state of the air is completely 
specified, and the total pressure is 70 psia. The properties 
of the air at the inlet and exit states are determined to be 


r 2 =100°F 
(j) 2 = 100 %* 


Cooling coils 



si 


70 psia 
Condensate 


7>200°F 
^,=100% 
Vi=50 ft/s 


Pvl — ^1 P g\ — ^1 P s 


sat @ 200° 


P =(1.0)(1 1.538 psia) = 11.538 psia 


hg\ —hg@ 200 °f — 1 145.7 Btu/lbm 


i 


© 


150°F 


CO\ = 


0.622 P vl _ 0.622(1 1.538 psia) 
~~ (70-1 1.538) psia 


Condensate 

removal 


Pl -Pvl 


= 0. 1228 lbm H 2 0/lbm dry air 


h x =c p T x + co x h sX = (0.240 Btu/lbm •°F)(200°F) + (0.1 228)(1 145.7 Btu/lbm) = 188.7 Btu/lbm dry air 


l gi 


and 


t/, = 


KJx 


P 


ci\ 


(0.3704 psia -ft 3 / lbm -R)(660K) , 10 ^ 3 /1U , . 

= 4. 182 ft /lbm dry air 

(70 -11.538) psia 


p v2 = ( / } 2 P g2 =^2 P sat@ioo°F = 0 -0)(0.95052 psia) = 0.95052 psia 


h g 2 =h g@ ioo°f = 1 104 - 7 Btu/lbm 


= 


0.622 P v2 0.622(0.95052 psia) 


p 2 — P v2 


= 0.00856 lbm H 2 0/lbm dry air 


(70-0.95052) psia 

h 2 =c p T 2 +co 2 hg 2 = (0.240 Btu/lbm - °F)(100°F) + (0.00856)(1 104.7 Btu/lbm) = 33.46 Btu/lbm dry air 
We assume that the condensate leaves this system at the average temperature of the air inlet and exit: 


h w =hjr@ 150 o F = 1 17.99 Btu/lbm (Table A-4E) 


The mass flow rate of the dry air is 


*'i=V 1 A 1 =V 1 


71 D 


= (50 ft/s) 


^(3/12 ft) 2 ^ 
4 


= 2.454 ft 3 /s 


m a = 


C/, 




2.454 ft 3 /s 


= 0.5868 lbm/s 


i 4.182 ft /lbm dry air 

Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section, 
Water Mass Balance : 



^ th w,e > fk a\ 0J \ = >h a2 (0 2 + < 


m w =rh a (a>i -co 2 ) = (0.5868 lbm/s) (0.1 228- 0.00856) =0.0670 lbm/s 


Energy Balance : 



Qoul 


_ a p ( stead y) _ n 

L * Ej system u 

- f 
^ out 

= Qout +^ m eh e 

= m al hi-(m a2 h 2 +m w h w ) 

= m a (hi-h 2 )-m w h w 

= (0.5868 lbm)( 1 88.7 - 33.46)Btu/lbm - (0.06704 lbm)( 1 17.99 Btu/lbm) 

= 83.2 Btu/s 
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14-85 Air is first cooled, then dehumidified, and finally heated. The temperature of air before it enters the heating section, 
the amount of heat removed in the cooling section, and the amount of heat supplied in the heating section are to be 
determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX = m a2 = m a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 

Analysis (a) The amount of moisture in the air decreases due to dehumidification (co 3 < co 0, and remains constant during 
heating (co 3 = co 2 ). The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The 
intermediate state (state 2) is also known since ^ = 100% and co 2 — (o 2 . Therefore, we can determine the properties of the 
air at all three states from the psychrometric chart (Fig. A-31) to be 


h x = 95.2 kJ / kg dry air 
co x = 0.0238 kg H 2 0 / kg dry air 

and 

h 3 = 43.1 kJ / kg dry air 
co 3 = 0.0082 kg H 2 0/kg dry air (= (o 2 ) 

Also, 

h w =h f@XO o C = 42.02 kJ/kg (Table A -4) 
h 2 =31.8 kJ/kg dry air 

T 2 = 11.1°C 


T i 
<t>\ 



r Cooling ' 
section 


Heating ' 
section 

i 

= 34°C 

tail 

T 2 

taiiJ 

T 

= 70% | * 

b , b " b 

1 atm 
AIR 

' $ 



© 


© 


© ▼ 10°C 


= 22°C 
= 50% 


cooling section is determined from the energy balance equation applied to the 
= 0 

^in = ^out 

X Jfljhj — X Ol e h ( , + Gout, cooling 

Gout, cooimg = KA ~ 0<2 h 2 + KK) = K ( h \ - h ) - KK 


(b) The amount of heat removed in the 
cooling section, 


^in ^out ^-^system 


710 (steady) 


or, per unit mass of dry air, 

^out, cooling — (^1 — ^2 ) — (^1 — ^2 

= (95.2 - 31.8) - (0.0238 - 0.0082)42.02 

= 62.7 kJ/kg dry air 


(c) The amount of heat supplied in the heating section per unit mass of dry air is 


Cheating = *3 - h 2 = 43 -' - 3 1.8 = 11.3 kJ / kg dry air 
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14-86 Air is cooled by passing it over a cooling coil through which chilled water flows. The rate of heat transfer, the 
mass flow rate of water, and the exit velocity of airstream are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 

Analysis (a) The saturation pressure of water at 32°C is 4.76 kPa (Table A-4). Then the dew point temperature of the 
incoming air stream at 32°C becomes 

^clp = ^sat @ P v = ^sat @ 0.7x4.76 kPa = 25.8°C (Table A-5) 

since air is cooled to 20°C, which is below its dew point temperature, some of the moisture in the air will condense. The 
amount of moisture in the air decreases due to dehumidification ( co 2 < C0\) . The inlet and the exit states of the air are 

completely specified, and the total pressure is 1 atm. Then the properties of the air at both states are determined from the 
psychrometric chart (Fig. A-31 or EES) to be 


and 


Also, 

Then, 


h x = 86.35 kJ/kg dry air 

co x =0.021 14 kg H 2 0/kgdry air 

t/j = 0.8939 m 3 /kg dry air 


h 2 =57.43 kJ/kg dry air 

( o 2 = 0.0147 kg H 2 0/kg dry air 

t/ 2 = 0.8501 m 3 /kg dry air 

K = h f @ 20 o C = 83.91 kJ/kg (Table A-4) 


Water 



V\ = V\A\ = V ] 


71 D 
4 


= (120 m/min) 


;r(0.4 m) 
4 


= 15.08 m / min 


m a\ = 


C/j 15.08 nr /min 
v t 0.8939 m 3 /kg dry air 


= 16.87 kg/min 


Applying the water mass balance and the energy balance equations to the combined cooling and dehumidification section 
(excluding the water), 


Water Mass Balance : 


2 ]m w! =Zm t 


-> m aX co x = m a2 co 2 + m 


w 


Energy Balance : 


m w = m a ( cq x - co 2 ) = (16.87 kg/min)(0.021 14 - 0.0147) = 0.1086 kg/min 

F _ 17 — \T7 710 (steady) _ /-« . r? _ 17 

^in ^out — ^system — ^ — ^out 

5>\A = + 2out > Qom = m a A ~ (» l a2 h i + ><K) = <<A - A>) - mji 


w 


Gout = (16.87 kg/min)(86.35 -57.43)kJ/kg - (0. 1 086 kg/min)(83.91 kJ/kg) = 478.7 kj/min 

(. b ) Noting that the heat lost by the air is gained by the cooling water, the mass flow rate of the cooling water is determined 
from 


Gcooling water ^cooling water ^cooling water ^ pAT 

Q w 478.7 kJ/min 


^cooling water 


c p AT 


= 19.09 kg/min 


(4. 1 8 kJ/kg • °C)(6°C) 

(c) The exit velocity is determined from the conservation of mass of dry air, 


l/, V, 


m a\ = m a 2 


C/ 


y,A v 2 a 


V 


{/ 


C/, 


c/ 


^2 = —V\ = 

c/, 


0.8501 

0.8939 


(120 m/min) = 114 m/min 
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14-87 “ Sfr ™ Problem 14-86 is reconsidered. A general solution of the problem in which the input variables may be 
supplied and parametric studies performed is to be developed and the process is to be shown in the psychrometric chart for 
each set of input variables. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data from the Diagram Window" 

{D=0.4 

P[1] =101.32 [kPa] 

T[1] = 32 [C] 

RH[1] = 70/100 "%, relative humidity" 

Vel[1] = 120/60 "[m/s]" 

DELTAT cw =6 [C] 

P[2] = 101.32 [kPa] 

T[2] = 20 [C]} 

RH [2] = 100/100 "%" 

"Dry air flow rate, m_dot_a, is constant" 

VoLdot[1]= (pi * D A 2)/4*Vel[1] 
v[1]=VOLUME(AirH20,T=T[1],P=P[1],R=RH[1]) 
m_dot_a = Vol_dot[1]/v[1] 

"Exit vleocity" 

Vol_dot[2]= (pi * D A 2)/4*Vel[2] 
v[2]=V0LUME(AirH20,T=T[2],P=P[2],R=RH[2]) 
m dot_a = VoLdot[2]/v[2] 

"Mass flow rate of the condensed water" 
m_dot_v[1 ]=m_dot_v[2]+m_dot_w 
w[1]=HUMRAT(AirH20,T=T[1],P=P[1],R=RH[1]) 
m dot_v[1] = mdot_a*w[1] 
w[2]=HUMRAT(AirH20,T=T[2],P=P[2],R=RH[2]) 
m dot_v[2] = m dot_a*w[2] 

"SSSF conservation of energy for the air" 

m dot_a *(h[1] + (1+w[1])*Vel[1] A 2/2*Convert(m A 2/s A 2, kJ/kg)) + Q_dot = m_dot_a*(h[2] 
+(1+w[2])*Vel[2] A 2/2*Convert(m A 2/s A 2, kJ/kg)) +m_dot_w*h_liq_2 
h[1]=ENTHALPY(AirH20,T=T[1],P=P[1],w=w[1]) 
h[2]=ENTHALPY(AirH20,T=T[2],P=P[2],w=w[2]) 
h_liq_2=ENTHALPY(Water,T=T[2],P=P[2]) 

"SSSF conservation of energy for the cooling water" 

-Q_dot =m_dot_cw*Cp_cw*DELTAT_cw "Note: Q netwater=-Q_netair" 

Cpcw = SpecHeat(water,T=10,P=P[2])"kJ/kg-K" 
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RHt 

m cw 

[kg/s] 

Qout 

[kW] 

Vel 2 

[m/sl 

0.5 

0.1475 

3.706 

1.921 

0.55 

0.19 

4.774 

1.916 

0.6 

0.2325 

5.842 

1.911 

0.65 

0.275 

6.91 

1.907 

0.7 

0.3175 

7.978 

1.902 

0.75 

0.36 

9.046 

1.897 

0.8 

0.4025 

10.11 

1.893 

0.85 

0.445 

11.18 

1.888 

0.9 

0.4875 

12.25 

1.884 




RH [1 ] 
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14-88 Air is cooled by passing it over a cooling coil. The rate of heat transfer, the mass flow rate of water, and the exit 
velocity of airstream are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 


Analysis (a) The dew point temperature of the incoming air stream at 35 °C is 


^vl ~ ( / > X P gX - fix ^sat @ 32°C 

= (0.7)(4.76 kPa) = 3.332 kPa 
^dp = ^sat @ P v = ^sat @ 3.332 kPa = 25.8°C 

Since air is cooled to 20°C, which is below its dew point 
temperature, some of the moisture in the air will condense. 

The amount of moisture in the air decreases due 
to dehumidification ( co 2 < C0 \) . The inlet and the exit 

states of the air are completely specified, and the total 
pressure is 95 kPa. Then the properties of the air at both 
states are determined to be 





P al =P x -P vl =95 -3.332 = 91.67 kPa 


and 


(/, = 


co x = 


KTi 


P 


(0.287 kPa-m 3 / kg -K)(305K) 3 . 

= 0.9549 m /kg dry air 


a 1 


0.622 P 


vX 


91.67 kPa 
0.622(3.332 kPa) 


P\ - P vX 


= 0.02261kg H 2 0/kg dry air 


(95-3.332) kPa 

h x = c p T x + co x h gX =(1 .005 kJ/kg • °C)(32°C) + (0.02261)(2559.2 kJ/kg) 
= 90.01 kJ/kg dry air 

P v 2 = ( / > 2 P g 2 ~ (1.00)P sa t @ 2 o°c = 2.339 kPa 


l/o = 




P 


(0.287 kPa • m / kg • K)(293 K) 3 . 

= 0.9075 m /kg dry air 


a 2 


0.622 P 


<o 2 = 


v2 


(95 - 2.339) kPa 
0.622(2.339 kPa) 


p 2 - P V 2 


= 0.0157 kg H 2 0/kg dry air 


(95 - 2.339) kPa 

h 2 = c p T 2 +a>2 h s2 =(1.005 kJ/kg - o C)(20 o C) + (0.0157)(2537.4 kJ/kg) 
= 59.94 kJ/kg dry air 


Also, 

h w =hf@ 2 o°c =83.915 kJ/kg (Table A-4) 


Then, 


t/| = V X A X = V x - (120 m/min) 


^(0.4 m) 2 ^ 

4 


= 15.08 m 3 / min 


0 X 15.08 m 3 /min 
V\ 0.9549 m 3 / kg dry air 


15.79 kg/min 


Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section 
(excluding the water), 
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Water Mass Balance : 




■> =m a2 co 2 +m 


W 


m w = m a (co x - (o 2 ) = (15.79 kg/min) (0.02261 - 0.0157) = 0.1090kg/min 
Energy Balance : 

E - E - A F 7,0 (steady) - 0 

^in ^ out — system — u 

^in = ^out 

= I>«A+2out Qout = ^al h l-( lh a2 h 2 +lh w h w) = rh a( h l- h 2)- rh w h w 

Gout = (15.79 kg/min)(90.01 - 59.94)kJ/kg - (0.1090kg/min)(83.915 kJ/kg) = 465.7 kj/min 

( b ) Noting that the heat lost by the air is gained by the cooling water, the mass flow rate of the cooling water is determined 
from 

Gcooling water — ^cooling water — ^cooling water*" p^' 

Q w 465.7 kJ/min 


m 


cooling water 


c p AT (4.18 kJ/kg - 0 C)(6°C) 


= 18.57 kg/min 


(c) The exit velocity is determined from the conservation of mass of dry air, 

V X A V 2 A 


m a i = m 


a2 


c/i (/ 2 


c/. 


c/ 


c/ 


^ 2 =— V x = 


0.9075 

0.9549 


(120 m/min) = 114 m/min 
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14-89 Air flows through an air conditioner unit. The inlet and exit states are specified. The rate of heat transfer and the 
mass flow rate of condensate water are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX = m a2 = m a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 


db2 

Ti p2 = 6.5°C 


Analysis The inlet state of the air is completely 
specified, and the total pressure is 98 kPa. The 
properties of the air at the inlet state may be 
determined from (Fig. A-31) or using EES 
psychrometric functions to be (we used EES) T ( \m = 25 °C 

h x = 77.88 kJ/kg dry air 
co x - 0.01866 kg H 2 O/kg dry air 
(j) x = 0.6721 

The partial pressure of water vapor at the exit state is 
P v 2 = ^ > sat@ 6 . 5 °c = 0.9682 kPa (Table A -4) 

The saturation pressure at the exit state is 

Pg 2 = ^sat@ 25 °c = 3-17 kPa (TableA-4) 

Then, the relative humidity at the exit state becomes 


Cooling coils 



Tdbi =30°C 
r wbl =25 °C 
P = 98 kPa 


25 °C 


Condensate 

removal 


^2 


P 


v2 


0.9682 


P g2 3.17 


= 0.3054 


Now, the exit state is also fixed. The properties are obtained from EES to be 

h 2 = 40.97 kJ/kg dry air 

co 2 - 0.006206 kg H 2 O/kg dry air 

c/ 2 = 0.8820 m 3 /kg 
The mass flow rate of dry air is 


t/ 9 1000 m /min 


m a = 


= 1 133.8 kg/min 


0.8820 m /kg 
The mass flow rate of condensate water is 

m w = m a (co x -co 2 ) = {\ 133.8 kg/min)(0.0 1866 -0.006206) = 14.12 kg/min = 847.2 kg/h 
The enthalpy of condensate water is 

h w2 = hf@ 25 o C = 104.83 kJ/kg (Table A - 4) 

An energy balance on the control volume gives 

" l a h 1 =Gout +" l a h 2 +> h w h w2 

(1 133.8 kg/min)(77.88 kJ/kg) = Q out +(1133.8 kg/min)(40.97kJ/kg) + (14.12kg/min)(104.83 kJ/kg) 

Q out = 40,377 kJ/min = 672.9 kW 
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14-90 Atmospheric air enters the evaporator of an automobile air conditioner at a specified pressure, temperature, and 
relative humidity. The dew point and wet bulb temperatures at the inlet to the evaporator section, the required heat transfer 
rate from the atmospheric air to the evaporator fluid, and the rate of condensation of water vapor in the evaporator section 
are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX = m a2 = rh a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 


Analysis The inlet and exit states of the air are completely specified, and the total pressure is 1 atm. The properties of the 
air at the inlet and exit states may be determined from the psychrometric chart (Fig. A-31) or using EES psychrometric 
functions to be (we used EES) 


7d P i= 15 - 7 °C 
r wbl = 19.5°C 
h x =55.60 kJ/kg dry air 
co x - 0.01 1 15 kg H 2 0/kg dry air 

v x = 0.8655 nr / kg dry air 
= 27.35 kJ/kg dry air 
co 2 = 0.00686 kg H 2 0/kg dry air 

The mass flow rate of dry air is 


T 2 = 10°C 

(j) 2 = 90% 


M- 


Cooling coils 



i 

10°C 


Condensate 

removal 


T x =27°C 
(j) x = 50% 


. I/, C/ car ACH (2 m 3 /change)(5changes/min) _ , . 

m a = — - = = = 1 1.55 kg/min 

V\ 0.8655 m 3 


The mass flow rates of vapor at the inlet and exit are 

m vX = co x m a = (0.01 1 15)(1 1.55 kg/min) = 0.1288 kg/min 

m v2 =co 2 m a = (0.00686)(1 1.55 kg/min) = 0.07926 kg/min 


An energy balance on the control volume gives 

mJh =Qcm+m a h 2 +m w h W 2 

where the the enthalpy of condensate water is 

h w2 =h f@ io°c = 42 - 02 (Table A - 4) 


and the rate of condensation of water vapor is 

m w = m vX -m v2 =0.1288-0.07926 = 0.0495 kg/min 

Substituting, 

" l Jh =Gout + lh a h 2 +m w h w 2 

(1 1 .55 kg/min)(55.60 kJ/kg) = Q out + (1 1 .55 kg/min)(27.35 kJ/kg) + (0.0495 kg/min)(42.02 kJ/kg) 

(2 out = 324.4 kJ/min = 5.41 kW 
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Humidity Ratio 
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AirH20 



Discussion We we could not show the process line between the states 


1 and 2 because we do not know the process path. 
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14-91 Atmospheric air flows into an air conditioner that uses chilled water as the cooling fluid. The mass flow rate of the 
condensate water and the volume flow rate of chilled water supplied to the air conditioner are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX = m a2 = m a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Analysis We may assume that the exit relative humidity is 100 percent since the exit temperature (18°C) is below the dew- 
point temperature of the inlet air (25 °C). The properties of the air at the exit state may be determined from the 
psychrometric chart (Fig. A-31) or using EES psychrometric functions to be (we used EES) 


h 2 = 51.34kJ/kg dry air 

co 2 = 0.0131 1 kg H 2 0/kg dry air 

The partial pressure of water vapor at the inlet 
state is (Table A-4) 

Pvl = ^sat@ 25 °C -3.17 kPa 

The saturation pressure at the inlet state is 

P g \ = ^sat@ 28 °c — 3.783kPa (Table A-4) 

Then, the relative humidity at the inlet state becomes 


T 2 = 18°C 
100% RH 
100 kPa 


Cooling coils 



removal 


T\ = 28°C 

Cdpl = 

25°C 

2000 m 3 /h 



P, 


vl 


p 


8 1 


3.17 

3.783 


0.8379 


Now, the inlet state is also fixed. The properties are obtained from EES to be 

h x = 80. 14 kJ/kg dry air 

co x - 0.02036 kg H 2 0/kg dry air 

</, = 0.8927 m 3 /kg 


The mass flow rate of dry air is 


= k = (200Q / 60) m ^/h = 37 34 n 

(/, 0.8927 m 3 /kg 


The mass flow rate of condensate water is 


= m a (co i -co 2 ) 

= (37.34 kg/min)(0.02036- 0.013 11) 

= 0.2707 kg/min 

= 16.24 kg/h 

The enthalpy of condensate water is 

h w 2 =hf@ i 8 o C = 75.54 kJ/kg (Table A - 4) 

An energy balance on the control volume gives 

™a h \ = Gout +™w h w2 

(37.34 kg/min) (80. 14 kJ/kg) = 0 out + (37.34 kg/min)(5 1 .34 kJ/kg) + (0.2707 kg/min)(75.54 kJ/kg) 

Qout = 1055 kJ/min = 17 -59 kW 

Noting that the rate of heat lost from the air is received by the cooling water, the mass flow rate of the cooling water is 
determined from 


Qm = m^CpAT, 


cw 


->m cw = 


8in 

C p^'cw 


1055 kJ/min 
(4.18 kJ/kg. °C)(10°C) 


25.24 kg/min 
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where we used the specific heat of water value at room temperature. Assuming a density of 1000 kg/m for water, the 
volume flow rate is determined to be 


II _ " L cw 
*cw — 


25.24 kg/min 


p cw 1000 kg/m' 


= 0.0252 m 3 /min 



0 5 10 15 20 25 30 35 40 


T [°C] 
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14-92 An automobile air conditioner using refrigerant 134a as the cooling fluid is considered. The inlet and exit states of 
moist air in the evaporator are specified. The volume flow rate of the air entering the evaporator of the air conditioner is to 
be determined. 

Assumptions 1 All processes are steady flow and the mass flow rate of dry air remains constant during the entire process 
( m al = m a2 = m a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 

Analysis We assume that the total pressure of moist air is 100 kPa. Then, the inlet and exit states of the moist air for the 
evaporator are completely specified. The properties may be determined from the psychrometric chart (Fig. A-31) or using 
EES psychrometric functions to be (we used EES) 

h x = 55.88 kJ/kg dry air 


co x = 0.01206 kg H 2 0/kg dry air 

t/j = 0.8724 m 3 /kg dry air 
h 2 = 23.3 1 kJ/kg dry air 
o 2 = 0.006064 kg H 2 0/kg dry air 
The mass flow rate of dry air is given by 

a 0.8724 m 3 /kg 

The mass flow rate of condensate water is expressed as 


R-134a 
100 kPa 


1 

- 

Cooling coils 

k 

T 2 = 8°C 

Wip* 


<*> 2 =90% 

b A* 0 AIR 

◄ 


h 6 h 6 b Condensate 1 


r, =25 °c 
^ = 60% 


CD 


i 


0 


8°C 


m w = m a (co ] - oj 2 ) = 


V, 


Condensate 

removal 


0.8724 

The enthalpy of condensate water is 

h w 2 =h f@ 8 o C = 33.63 kJ/kg (Table A - 4) 

An energy balance on the control volume gives 

fil a h 1 = Gout + > h a h 2 + lh w h w2 


(0.01206 - 0.006064) = 0.006873^ 




(55.88) = g out + 


C/, 


(23.1 1) + 0.006873(/, (33.63) 


( 1 ) 


0.8724 0.8724 

The properties of the R-134a at the inlet of the compressor and the enthalpy at the exit for the isentropic process are (R- 
134a tables) 

' h Rl = 244.46 kJ/kg 
s Rl = 0.9377 kJ/kg.K 


P Rl = 200 kPa 


x m =1 


P R2 =1600kPa 


h R2s = 287.87 kJ/kg 


S R2 ~ s Rl 

The enthalpies of R- 1 34a at the condenser exit and the throttle exit are 
^R3 - hf@ 1600 kPa = 135.93 kJ/kg 
h R4 =h R 3 =135.93 kJ/kg 

The mass flow rate of the refrigerant can be determined from the expression for the compressor power: 


W c = m R 


h R2,s h R\ 


6 kW = m 


Vc 

(287.87 -244.46) kJ/kg 


R 


0.85 


■>m R = 0.1 175 kg/s = 7.049 kg/min 


The rate of heat absorbed by the R-134a in the evaporator is 

Q r in = m R (h Rl -h R 4 ) = (7.049 kg/min)(244.46 - 135.93) kJ/kg = 765.0 kJ/min 

The rate of heat lost from the air in the evaporator is absorbed by the refrigerant- 134a. That is, Q R in = Q out . Then, the 
volume flow rate of the air at the inlet of the evaporator can be determined from Eq. (1) to be 




0.8724 


(55.88) = 765.0 + 


l/, 


0.8724 


(23.1 1) + 0.0068731'', (33.63) > 0 X = 20.62 m 3 /min 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



14-54 


14-93 Air is cooled and dehumidified at constant pressure. The cooling required is provided by a simple ideal vapor- 
compression refrigeration system using refrigerant- 1 34a as the working fluid. The exergy destruction in the total system per 
1000 m of dry air is to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( rh al = m a2 = m a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychrometric chart (Figure A-31) to be 


h x = 106.8 kJ/kg dry air 
co x = 0.0292 kg H 2 0/kg dry air 
c/j = 0.905 m 3 /kg dry air 
and 

h 2 = 52.7 kJ/kg dry air 

co 2 = 0.01 12 kg H 2 0/kg dry air 

We assume that the condensate leaves this system at the 
average temperature of the air inlet and exit. Then, from 
Table A-4, 


K —hf@ 28 °c - 1 17.4 kJ/kg 


Analysis The amount of moisture in the air decreases 
due to dehumidification ( co 2 < co i). The mass of air is 

3 


t/i 


1000 m 


m a = 


V\ 0.905 nr / kg dry air 


= 1105 kg 




| Condensate 


Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section, 
Water Mass Balance : 


Tm wJ = Tm we >rh aX co x = m a2 co 2 +m w 


m w = m a ( co x -co 2 ) = (1 105 kg)(0.0292 -0.01 12) = 19.89 kg 


Energy Balance : 


r _£ out 


A r? (steady) _ n 

system ” 


= E, 


in 


out 

'Lm l h l = Q ou , + Z m e h e 


Gout = f n a i h \-( fh a2 h 2 + m w h w ) = Vh ~h 2 )-m w h w 
Gout = m a( h l- h 2)- m w h w 

<2 0Ut = (1 105 kg)(106.8-52.7)kJ/kg - (19.89 kg)(l 17.4 kJ/kg) = 57,450 kJ 


We obtain the properties for the vapor-compression refrigeration cycle as follows (Tables A- 1 1, through A- 13): 


T x = 4°C 1 h x =h g@ 4 o C = 252.77 kJ/kg 
sat. vapor J s x = s g @ 4 o C = 0.92927 kJ/kg • K 


^2 “ Aat @ 39.4°C “ 1 


S^ — S t 


h 2 =275.29 kJ/kg 


= 1 MPa 1 ^3 — h f @ 1 MPa — 1^7 .32 kJ/kg 
sat. liquid J ^3 = £ / @ 1MPa = 0.39189 kJ/kg • K 


h 4 =h 3 =107.32 kJ/kg (throttling) 

r 4 =4°C 1 x 4 =0.2561 

h 4 = 107.32 kJ/kg J ^ 4 = 0.4045 kJ/kg • K 
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The mass flow rate of refrigerant- 134a is 
Q l 57,450 kJ 


m R = 


h x -h 4 


= 395.0 kg 


(252.77 -107.32)kJ/kg 

The amount of heat rejected from the condenser is 

q h =m R (h 2 - h 3 ) = (395.0 kg)(275.29- 107.32) kJ/kg = 66,350 kg 
Next, we calculate the exergy destruction in the components of the refrigeration cycle: 
X destroyed , 12 - m R P o ( s 2 ~ s \ ) = 0 (since the process is isentropic) 


^ destroyed, 23 -^0 


m R (si -s 2 ) + 


Q 


H 


T 


H J 


= (305 K) 


(395 kg)(0.39 1 89 - 0.92927) kJ/kg • K + 


66,350 kJ 
305 K 


= 1609 kJ 


X destroyed , 34 = m R T 0 (s 4 -s 3 ) = (395 kg)(305 K)(0.4045 - 0.391 89) kJ/kg- K = 1519kJ 

The entropies of water vapor in the air stream are 

32 o C = 8.41 14 kJ/kg -K 
?24 o C =8.5782 kJ/kg -K 

The entropy change of water vapor in the air stream is 


s gi s g' 
S g2 =S g 


AS vapor = m a (co 2 s g2 - co x s gX ) = (1 105)(0.01 12x 8.5782 - 0.0292 x 8.41 14) = -165.2 kJ/K 


The entropy of water leaving the cooling section is 

S w =m w s f@2S ° c =(19.89kg)(0.4091kJ/kg-K) = 8.14kJ/K 

The partial pressures of water vapor and dry air for air streams are 
P v i =</>\ p 8 \ =^i^sat@ 32 °c - (0.95)(4.760 kPa) = 4.522 kPa 
P al =P X -P vX =101.325 -4.522 = 96.80 kPa 
P \2 =</> 2 P g 2 =^ 2 ^sat@ 24 °c = (0.60)(2.986 kPa) = 1 .792 kPa 


P a2 =P 2 ~ P v2 =101.325 -1.792 = 99.53 kPa 
The entropy change of dry air is 


=m a (s 2 —s x ) = m 
= (1105) 


T P 

c „ In — -R In 


A 


P r T~' 

v 


(1.005) In — -(0.287) In 
305 


P a\ J 

99.53 

96.80 


= -38.34 kJ/kg dry air 


The entropy change of R- 1 34a in the evaporator is 

AS R 41 = m R Csj -s 4 ) = (395 kg)(0.92927 - 0.4045) = 207.3 kJ/K 

An entropy balance on the evaporator gives 

^gen, evaporator = AS* 4 i + AS vapor + AS a + S w = 207.3 + (-165.2) + (-38.34) + 8.14 = 1 1.90 kJ/K 

Then, the exergy destruction in the evaporator is 

*dest =(305K)(11.90kJ/K) = 3630kJ 

Finally the total exergy destruction is 

X — Y 4 . X + x + X 

yv dest, total dest, compressor ' dest, condenser ' dest, throttle ' dest, evaporator 

= 0 + 1609 + 1519 + 3630 

= 6758 k J 


The greatest exergy destruction occurs in the evaporator. Note that heat is absorbed from humid air and rejected to the 
ambient air at 32°C (305 K), which is also taken as the dead state temperature. 
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Evaporative Cooling 


14-56 


14-94C Evaporative cooling is the cooling achieved when water evaporates in dry air. It will not work on humid climates. 


14-95C During evaporation from a water body to air, the latent heat of vaporization will be equal to convection heat 
transfer from the air when conduction from the lower parts of the water body to the surface is negligible, and temperature of 
the surrounding surfaces is at about the temperature of the water surface so that the radiation heat transfer is negligible. 


14-96C In steady operation, the mass transfer process does not have to involve heat transfer. However, a mass transfer 
process that involves phase change (evaporation, sublimation, condensation, melting etc.) must involve heat transfer. For 
example, the evaporation of water from a lake into air (mass transfer) requires the transfer of latent heat of water at a 
specified temperature to the liquid water at the surface (heat transfer). 


14-97 Desert dwellers often wrap their heads with a water-soaked porous cloth. The temperature of this cloth on a desert 
with specified temperature and relative humidity is to be determined. 

Analysis Since the cloth behaves as the wick on a wet bulb 
thermometer, the temperature of the cloth will become the wet 
bulb temperature. According to the pshchrometric chart, this 
temperature is 

T 2 = r wbl = 23.3°C 

This process can be represented by an evaporative cooling 
process as shown in the figure. 



PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



14-57 


14-98 Air is cooled by an evaporative cooler. The exit temperature of the air and the required rate of water supply are to be 
determined. 


Analysis (a) From the psychrometric chart (Fig. A-31) at 36°C and 20% relative humidity we read 


T’wbi = 19.5°C 

co x = 0.0074 kg H 2 0/kg dry air 
i/, = 0.887 m 3 /kg dry air 

Assuming the liquid water is supplied at a temperature not 
much different than the exit temperature of the air stream, the 
evaporative cooling process follows a line of constant wet-bulb 
temperature. That is, 

r wb2 = T wb\ =19.5°C 



At this wet-bulb temperature and 90% relative humidity we read 

T 2 = 20.5° C 

co 2 = 0.0137 kg H 2 0 / kg dry air 


Thus air will be cooled to 20.5°C in this evaporative cooler. 
(b) The mass flow rate of dry air is 

0 X 4 m 3 /min . 

m n - — = = 4.51 kg/min 

v x 0.887 m 3 / kg dry air 


Then the required rate of water supply to the evaporative cooler is determined from 
^supply = '<2 - m wl = m a (co 2 - co x ) 

= (4.5 1 kg/min)(0.0137 - 0.0074) 

= 0.028 kg/min 
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14-99E Air is cooled by an evaporative cooler. The exit temperature of the air and the required rate of water supply are to 
be determined. 


Analysis ( a ) From the psychrometric chart (Fig. A-31E or EES) at 100°F and 30% relative humidity we read 


7- wbl =74.3°F 

co x = 0 . 0 1 23 lbm H 2 O/lbm dry air 
v, = 1 4 .4 ft 3 /lbm dry air 

Assuming the liquid water is supplied at a temperature not 
much different than the exit temperature of the air stream, the 
evaporative cooling process follows a line of constant wet-bulb 
temperature. That is, 

r wb2 £r wbl =74.3°F 


1 atm 
100°F 
30% 


AIR 

— ► 


Water, m 

1 (O 

Humidifier 

< — ► 90% 

< 


At this wet-bulb temperature and 90% relative humidity we read 

T 2 = 76.6°F 

co 2 =0.0178 lbm H 2 O/lbm dry air 


Thus air will be cooled to 76.6°F in this evaporative cooler. 
( b ) The mass flow rate of dry air is 


m a = 




200 ft 3 / min 


= 13.9 lbm/min 


V\ 14.4 ft / lbm dry air 
Then the required rate of water supply to the evaporative cooler is determined from 

m sup piy = m w2 - m wl - m a ( co 2 - co x ) = (13.9 lbm/min)(0.0178 - 0.0123) = 0.076 lbm/min 
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14-100 Air is cooled by an evaporative cooler. The final relative humidity and the amount of water added are to be 
determined. 

Analysis (a) From the psychrometric chart (Fig. A-31) at 32°C and 30% relative humidity we read 


14-59 


r wbl = 19.4°C 

o\ = 0.0089 kg H 2 0/kg dry air 
c/j =0.877 m 3 /kg dry air 

Assuming the liquid water is supplied at a temperature not 
much different than the exit temperature of the air stream, 
the evaporative cooling process follows a line of constant 
wet-bulb temperature. That is, 

r wb2 = r wbl = 19.4°C 

At this wet-bulb temperature and 22°C temperature we read 
(j) 2 = 19% 

co 2 = 0.0130 kg H 2 0/kg dry air 
( b ) The mass flow rate of dry air is 


</ 


2 

5m/ mm 


m a = — = 


— = 5.70kg/min 


32°C 

30% 

2 m 3 /min 


on 


AIR 

► 


Water 


Humidifier 


22 °C 


KJ 


0.877 m 3 /kg dry air 

Then the required rate of water supply to the evaporative cooler is determined from 


m 


supply 


= m w 2 -m wl = m a (co 2 ~C0\) = (5.70 kg/min)(0.0 130 -0.0089) = 0.0234 kg/min 


14-101 Air enters an evaporative cooler at a specified state and relative humidity. The lowest temperature that air can attain 
is to be determined. 


Analysis From the psychrometric chart (Fig. A-31) at 29°C 
and 40% relative humidity we read 

T'wbi = 19-3°C 

Assuming the liquid water is supplied at a temperature not 
much different than the exit temperature of the air stream, the 
evaporative cooling process follows a line of constant wet-bulb 
temperature, which is the lowest temperature that can be 
obtained in an evaporative cooler. That is, 

Train = T'wbl - 19.3C 


Water 

▼ 



cr 

Humidifier 

1 atm AIR 

29°C ► 

40% 

© 

< 

► 100% 

< 
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14-102 Air is first heated in a heating section and then passed through an evaporative cooler. The exit relative humidity and 
the amount of water added are to be determined. 

Analysis (a) From the psychrometric chart (Fig. A-31 or EES) at 20°C and 50% relative humidity we read 
co x = 0.00726 kg H 2 0/kg dry air 

The specific humidity co remains constant during the 
heating process. Therefore, coi = ( 0 \ = 0.00726 kg H 2 0 / kg 
dry air. At this rvalue and 35 °C we read T wb2 = 19.1°C. 

Assuming the liquid water is supplied at a temperature 
not much different than the exit temperature of the air 
stream, the evaporative cooling process follows a line of 
constant wet-bulb temperature. That is, r wb3 = r wb2 = 

19.1°C. At this T wb value and 25 °C we read 

(j) 3 = 57.5% 

co 3 = 0.01 14 kg H 2 0/kg dry air 

( b ) The amount of water added to the air per unit mass of air is 

A&> 23 = co 3 - co 2 = 0.01 14 - 0.00726 = 0.00413 kg H 2 0/kg dry air 



© © ® 
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Adiabatic Mixing of Airstreams 
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14-103C This will occur when the straight line connecting the states of the two streams on the psychrometric chart crosses 
the saturation line. 


14-104C Yes. 
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14-105 Two airstreams are mixed steadily. The specific humidity, the relative humidity, the dry-bulb temperature, and the 
volume flow rate of the mixture are to be determined. 


Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential 
energy changes are negligible. 4 The mixing section is adiabatic. 

Properties Properties of each inlet stream are determined from the psychrometric chart (Fig. A-31) to be 


h x = 62.7 kJ/kg dry air 

co x = 0.01 19 kg H 2 0/kg dry air 

i/j = 0.882 m 3 /kg dry air 


h 2 =31 .9 kJ/kg dry air 

co 2 = 0.0079 kg H 2 0/kg dry air 

i/ 2 = 0.819 m /kg dry air 


Analysis The mass flow rate of dry air in each stream 
is 


m 


a 1 


m 


a 2 


v i 

V 


20 m 3 / min 
0.882 m 3 / kg dry air 
25 m 3 / min 
0.819 m 3 / kg dry air 


22.7 kg/min 
30.5 kg/min 



From the conservation of mass, 

m a3 = m al + m a2 = (22.7 + 30.5) kg / min = 53.2 kg / min 

The specific humidity and the enthalpy of the mixture can be determined from Eqs. 14-24, which are obtained by 
combining the conservation of mass and energy equations for the adiabatic mixing of two streams: 

m al oj 2 - O), _ h 2 - h 3 

^ l a2 ®3 _ ®1 ^3 - \ 

22.7 0.0079 - to 3 319 -h^ 

30.5 ~ ® 3 - 0.01 19 ~ hy - 62.7 

which yields, 

co 3 = 0.0096 kg H 2 0 / kg dry air 

h 3 = 45.0 kJ / kg dry air 

These two properties fix the state of the mixture. Other properties of the mixture are determined from the psychrometric 
chart: 

T 3 = 20.6°C 
(j) 3 = 63.4% 

c/ 3 = 0.845 m /kg dry air 

Finally, the volume flow rate of the mixture is determined from 

0 3 = m a 3 </ 3 = (53.2 kg/min) (0.845 m 3 / kg) = 45.0m 3 /min 
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14-106 Two airstreams are mixed steadily. The specific humidity, the relative humidity, the dry-bulb temperature, and the 
volume flow rate of the mixture are to be determined. 


Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential 
energy changes are negligible. 4 The mixing section is adiabatic. 

Analysis The properties of each inlet stream are determined to be 


P v i — $\P g \ — 0i^sat@32°c — (0.40)(4.760 kPa) — 1.90 kPa 
P aX = p x -p vx =90-1.90 = 88. lOkPa 

R a Tj (0.287 kPa • m 3 / kg ■ K)(305 K) 

Vl ~ P al ~ 88. lOkPa 

= 0.994 m 3 / kg dry air 
0.622 P ! 0.622(1 .90 kPa) 

CO] = = 

P x -P vX (90-1.90) kPa 
= 0.0134kgH 2 O/kg dry air 
h x = c p T x +co x h gX 

= (1.005 kJ/kg • °C)(32°C) + (0.0134)(2559.2 kJ/kg) 

= 66.45 kJ/kg dry air 



and 


P \2 ~ ~ ^ 2 ^sat@i 2 °c - (0.90)(1.403 kPa) - 1.26 kPa 


Pa 2 = 


t/o = 


P 2 - P v2 =90- 1.26 = 88.74 kPa 


Pal 

0.622 P 


(0.287 kPa-m 3 / kg- K)(285K) 3 . 

= 0.922 m /kg dry air 


/Zo 


v2 


88.74 kPa 
0.622(1.26 kPa) 


P 2 ~P V 2 


= 0.00883 kg H 2 O/kg dry air 


(90-1.26) kPa 

c p T . 2 + co 2 h g2 = (1.005 kJ/kg • °C)(12°C) + (0.00883)(2522.9 kJ/kg) = 34.34 kJ/kg dry air 


Then the mass flow rate of dry air in each stream is 


c/, 


20 m 3 / min 


m a\ = 


m a2 = 


0.994 m 3 / kg dry air 




c/ 


o 

25 m / mm 


= 20.12kg/min 


= 27.11kg/min 


2 0.922 m^ / kg dry air 

From the conservation of mass, 

m a3 = m aX + m a2 = (20.12 + 27. 1 1) kg/min = 47.23 kg/min 

The specific humidity and the enthalpy of the mixture can be determined from Eqs. 14-24, which are obtained by 
combining the conservation of mass and energy equations for the adiabatic mixing of two streams: 


m 


a 1 


co 2 - co 3 


h 2 h 3 


20.12 0.00883 - co 3 34.34 -/^ 


m 


a 2 


C0 3 CO x /?2 /ij 


27.11 co 3 - 0.0134 h 3-66.45 


which yields 

co 3 = 0.0108 kg H 2 0/kg dry air 

h 3 =48.02 kJ/kg dry air 


These two properties fix the state of the mixture. Other properties are determined from 

h 3 = c p T 3 + co 3 h g 3 = c p T 3 + ^(2501.3 + 1.82r 3 ) 

48.02 kJ/kg = (1.005 kJ/kg • °C)r 3 + (0.0108)(2500.9 + 1.82T 3 ) kJ/kg >T 3 = 20.5°C 
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0.622 P, 


co 3 = 


v3 


P, ~P V 3 


0.0108 = 


03 “ 


0.622 P, 


v3 


90-P, 


v3 


P. 


v3 


P. 


v3 


P 


^3 


P 


A P v3 = 1.54 kPa 


sat @ t. 


1.54 kPa 
2.41 kPa 


= 0.639 or 


63.9% 


Finally, 

P a3 =p 3 - p y3 = 90 - 1.54 = 88.46 kPa 

R a T 3 (0.287 kPa-m 3 /kg -K)(293.5K) 3 . 

v 3 = = - 5 — = 0.952 m /kg dry air 

P a3 88.46 kPa 

0 3 = m a3 v 3 = (47.23 kg/min)(0.952 m 3 / kg) = 45.0m 3 /min 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



14-65 


14-107 A stream of warm air is mixed with a stream of saturated cool air. The temperature, the specific humidity, and the 
relative humidity of the mixture are to be determined. 

Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential 
energy changes are negligible. 4 The mixing section is adiabatic. 

Properties The properties of each inlet stream are determined from the psychrometric chart (Fig. A-31 or EES) to be 

h x = 99.4 kJ/kg dry air 
CQ X = 0.0246 kg H 2 0/kg dry air 

and 

h 2 = 34. 1 kJ/kg dry air 
co 2 = 0.00873 kg H 2 0/kg dry air 

Analysis The specific humidity and the enthalpy of the mixture can be 
determined from Eqs. 14-24, which are obtained by combining the 
conservation of mass and energy equations for the adiabatic mixing of 
two streams: 

m al _ co 2 - w 3 _ h 2 - h 3 
m a2 <o 3 - co x h 3 - h t 

8 _ 0.00873 - w 3 _ 34.1 - h 3 
10 ~ w 3 — 0.0246 ~ h 3 - 99.4 

which yields, 

(. b ) co 3 = 0.0158 kg H 2 0/kg dry air 

h 3 =63.1 kJ/kg dry air 

These two properties fix the state of the mixture. Other properties of the mixture are determined from the psychrometric 


chart: 


(a) 

T 3 = 22.8°C 

(c) 

(j) 3 = 90.1% 
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14-108 



Problem 14-107 is reconsidered. The effect of the mass flow rate of saturated cool air stream on the mixture 


temperature, specific humidity, and relative humidity is to be investigated. 
Analysis The problem is solved using EES, and the solution is given below. 


P=101.325 [kPa] 

Tdb[1] =36 [C] 

Twb[1] =30 [C] 
m_dot[1] = 8 [kg/s] 

Tdb[2] =12 [C] 

Rh[2] = 1.0 
m dot[2] = 1 0 [kg/s] 

P[1]=P 

P[2]=P[1] 

P[3]=P[1] 

"Energy balance for the steady-flow mixing process:" 

"We neglect the PE of the flow. Since we don't know the cross sectional area of the flow streams, we also 
neglect theKE of the flow." 

Edotjn - E_dot_out = DELTAE_dot_sys 
D E LT AE d ot_sy s = 0 [kW] 

E_dot_in = m_dot[1]*h[1]+m_dot[2]*h[2] 

E_dot_out = m_dot[3]*h[3] 

"Conservation of mass of dry air during mixing:" 
m_dot[1]+m_dot[2] = m_dot[3] 

"Conservation of mass of water vapor during mixing:" 

m dot[1 ]*w[1 ]+m_dot[2]*w[2] = m_dot[3]*w[3] 

m_dot[1]=V_dot[1]/v[1]*convert(1/min,1/s) 

m_dot[2]=V_dot[2]/v[2]*convert(1/min,1/s) 

h[1]=ENTHALPY(AirH20,T=Tdb[1],P=P[1],B=Twb[1]) 

Rh[1]=RELHUM(AirH20,T=Tdb[1],P=P[1],B=Twb[1]) 

v[1]=V0LUME(AirH20,T=Tdb[1],P=P[1],R=Rh[1]) 

w[1]=HUMRAT(AirH20,T=Tdb[1],P=P[1],R=Rh[1]) 

h[2]=ENTHALPY(AirH20,T=Tdb[2],P=P[2],R=Rh[2]) 

v[2]=V0LUME(AirH20,T=Tdb[2],P=P[2],R=Rh[2]) 

w[2]=HUMRAT(AirH20,T=Tdb[2],P=P[2],R=Rh[2]) 

Tdb[3]=TEMPERATURE(AirH20,h=h[3],P=P[3],w=w[3]) 

Rh[3]=RELHUM(AirH20,T=Tdb[3],P=P[3],w=w[3]) 

v[3]=V0LUME(AirH20,T=Tdb[3],P=P[3],w=w[3]) 

Twb[2]=WETBULB(AirH20,T=Tdb[2],P=P[2],R=RH[2]) 

Twb[3]=WETBULB(AirH20,T=Tdb[3],P=P[3],R=RH[3]) 

m_dot[3]=V_dot[3]/v[3]*convert(1/min,1/s) 


m 2 

[kga/s] 

Tdb 3 

[Cl 

Rh 3 

W 3 

[kgw/kga] 

0 

36 

0.6484 

0.02461 

2 

31.31 

0.7376 

0.02143 

4 

28.15 

0.7997 

0.01931 

6 

25.88 

0.8442 

0.0178 

8 

24.17 

0.8768 

0.01667 

10 

22.84 

0.9013 

0.01579 

12 

21.77 

0.92 

0.01508 

14 

20.89 

0.9346 

0.0145 

16 

20.15 

0.9461 

0.01402 
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w[3] [kgw/kga] Rh[3] Tdb[3] [C] 


14-67 



m[2] [kga/s] 



m[2] [kga/s] 



m[2] [kga/s] 
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14-109E Two airstreams are mixed steadily. The mass flow ratio of the two streams for a specified mixture relative 
humidity and the relative humidity of the mixture are to be determined. 

Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential 
energy changes are negligible. 4 The mixing section is adiabatic. 

Properties Properties of each inlet stream are determined from the psychrometric chart (Fig. A-31E or from EES) to be 


h x =203 Btu/lbm dry air 

co x = 0.0076 lbm H 2 0/lbm dry air 


and 


h 2 = 48.7 Btu/lbm dry air 

co 2 = 0.0246 lbm H 2 0/lbm dry air 

Analysis An application of Eq. 14-24, which are obtained by 
combining the conservation of mass and energy equations for the 
adiabatic mixing of two streams gives 

m al _ co 2 - co 3 _ h 2 - h 3 
m a2 co 3 - co, h 3 - h, 

m al 0.0246 - co 3 48.7 - h 3 
m a2 co 3 - 0.0076 h 3 - 20.3 



This equation cannot be solved directly. An iterative solution is needed. A mixture relative humidity cjh, is selected. At this 
relative humidity and the given temperature (70°F), specific humidity and enthalpy are read from the psychrometric chart. 
These values are substituted into the above equation. If the equation is not satisfied, a new value of <j>\ is selected. This 
procedure is repeated until the equation is satisfied. Alternatively, EES software can be used. We used the following EES 
program to get these results: 


cj) 3 = 100 % 

co 3 = 0.0158 lbm H 2 0/lbm dry air 
h 3 = 34.0 Btu/lbm dry ah' 


m a2 


"Given" 

P=14.696 [psia] 

T_1 =50 [F] 

phi 1 = 1 .0 

T_2=90 [F] 
phi_2=0.80 
T_3=70 [F] 

"Analysis" 

Fluid$=’AirH20’ 

"1st stream properties" 
h_1=enthalpy(Fluid$, T=T_1, P=P, R=phi_1) 
w_1=humrat(Fluid$, T=T_1, P=P, R=phi_1) 
"2nd stream properties" 
h_2=enthalpy(Fluid$, T=T_2, P=P, F!=phi_2) 
w_2=humrat(Fluid$, T=T_2, P=P, R=phi_2) 
(w_2-w_3)/(w_3-w_1 )=(h_2-h_3)/(h_3-h_1 ) 
Ratio=(w_2-w_3)/(w_3-w_1 ) 

"mixture properties" 

phi_3=relhum(Fluid$, h=h_3, P=P, T=T_3) 
h_3=enthalpy(Fluid$, R=phi_3, P=P, T=T_3) 
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14-110 Two airstreams are mixed steadily. The temperature and the relative humidity of the mixture are to be determined. 


Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential 
energy changes are negligible. 4 The mixing section is adiabatic. 

Properties Properties of each inlet stream are determined from the psychrometric chart (Fig. A-31 or from EES) to be 

h x =88.5 kJ/kg dry air 

co x = 0.0187 kg H 2 0/kg dry air 

v x =0.914 m 3 /kg dry air ^ 40°C^\ 


40°C 
40% 
s3 L/s 


h 2 = 36.7 kJ/kg dry air 

co 2 = 0.0085 kg H 2 0/kg dry air 

t/ 2 = 0.828 m 3 /kg dry air 

Analysis The mass flow rate of dry air in each stream is 


P = 1 atm 
AIR 


Oh, 

h @ 

r 3 


/ 1 L/s 
15°C 

© 80 %* 


m„ i = 


m a2 = 


V x 0.003 m Is 
V\ 0.914 m 3 / kg dry air 
0 2 0.001m 3 /s 

^2 0.828 m 3 / kg dry air 


= 0.003282 kg/s 


= 0.001208 kg/s 


From the conservation of mass, 

m a 3 = m aX + m a2 = (0.003282 + 0.001208) kg/s = 0.00449 kg/s 

The specific humidity and the enthalpy of the mixture can be determined from Eqs. 14-24, which are obtained by 
combining the conservation of mass and energy equations for the adiabatic mixing of two streams: 

m aX = co 2 — co 2 = /z 2 - /z 3 
m a2 co 2 -o\ h 3 -h x 
0.003282 _ 0.0085 - co 3 _ 36.7 -h^ 

0.001208 ~ co 3 -0.0187 ~ ^ -88.5 

which yields 

co 3 = 0.0160 kg H 2 0/kg dry air 
h 3 = 74.6 kJ/kg dry air 

These two properties fix the state of the mixture. Other properties of the mixture are determined from the psychrometric 
chart: 


T 3 = 33.4°C 

(j) 3 = 0.493 = 49.3% 
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14-111 Two airstreams are mixed steadily. The rate of exergy destruction is to be determined. 

Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential 
energy changes are negligible. 4 The mixing section is adiabatic. 

Properties Properties of each inlet stream are determined from the psychrometric chart (Fig. A-31 or from EES) to be 

h x =88.5 kJ/kg dry air 
co x = 0.0187 kg H 2 0/kg dry air 


5 

v x = 0.914 m /kg dry air 


and 


h 2 = 36.7 kJ/kg dry air 

co 2 = 0.0085 kg H 2 0/kg dry air 

t/ 2 = 0.828 m 3 /kg dry air 

The entropies of water vapor in the air streams are 
s g\ — s g @ 4qo£ = 8.2556 kJ/kg • K 
Sg 2 = Sg@ i 5 °c — 8.7803 kJ/kg • K 

Analysis The mass flow rate of dry air in each stream is 
0, 0.003 m 3 /s 



m a\ = 


m a2 = 


V\ 0.914 m 3 /kg dry air 


IA 


0.001 nr /s 


= 0.003282 kg/s 


= 0.001208 kg/s 


^2 0.828 nr /kg dry air 

From the conservation of mass, 

m a 3 = m aX + m a2 = (0.003282 + 0.001208) kg/s = 0.00449 kg/s 

The specific humidity and the enthalpy of the mixture can be determined from Eqs. 14-24, which are obtained by 
combining the conservation of mass and energy equations for the adiabatic mixing of two streams: 


m 


a\ 


co 2 -co 3 


h 2 - h 3 


m a2 Oh, - o\ h 3 - hi 

0.003282 0.0085 - w 2 36.7 -h 3 

0.001208 ~ ® 3 -0.0187 “ /z 3 -88.5 

which yields 

co 3 = 0.0160 kg H 2 0/kg dry air 
h 3 = 74.6 kJ/kg dry air 

These two properties fix the state of the mixture. Other properties of the mixture are determined from the psychrometric 
chart: 

T 3 = 33.4°C 
(j) 3 = 0.493 

The entropy of water vapor in the mixture is 
^#3 ~ s g @ 33 . 4 °c = 8.3833 kJ/kg • K 

An entropy balance on the mixing chamber for the water gives 
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A5 W = m a3 co 3 s 3 -m al (o l s l -m a2 co 2 s 2 

= 0.00449x0.0160x8.3833-0.003282x0.0187x8.2556-0.001208x0.0085x8.7803 
= 5.426 xlO' 6 kW/K 

The partial pressures of water vapor and dry air for all three air streams are 

P v i = faPgi = ^sat@ 40 °c = (0.40)(7.3851kPa) = 2.954 kPa 

P al = P X -P vX = 101.325 - 2.954 = 98.37 kPa 

P V 2 =</>iP g 2 =^sat®i 5 °c - (0.80)(1.7057 kPa) = 1.365 kPa 

P a2 =P 2 -P v2 = 101.325-1.365 = 99.96 kPa 

p v 3 =</> 3 Pg 3 = ^ 3 ^sat @ 33 . 4 °c = (0.493)(5. 150 kPa) = 2.539 kPa 

P a3 =P 3 -P V 3 = 101.325-2.539 = 98.79 kPa 


An entropy balance on the mixing chamber for the dry air gives 


A s a = m al (s 3 - Sj ) + m a2 (s 3 - s 2 ) 


= m 


a 1 


r t 3 

C In — 
v P T x 


R In 


P 


a3 


P. 


+ m 


a 2 


a\ J 


r t 3 

C In — 

v ' 


R In 


P 


a3 


P 


a2 J 


= 0.003282 


306.4 

„ _ , 98.79 


(1.005) In 

-(0.287) In 

+ 0.001208 

313 

98.37_ 



(1.005) In 


306.4 

288 


= (0.003282)(-0. 02264) + (0.001208)(0.06562) 


= 4.964 xl0“ 6 kW/K 


(0.287) In 


98.79 

99.96 


The rate of entropy generation is 

S gen = A S a + A S w = 4.964 x 10" 6 + 5.426 x 10^ 6 = 10.39 x 10^ 6 kW/K 


Finally, the rate of exergy destruction is 

Adest = ^o^gen = ( 2 98 K)(10.39 x 10^ 6 kW/K) = 0.0031 kW 
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Wet Cooling Towers 
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14-1 12C The working principle of a natural draft cooling tower is based on buoyancy. The air in the tower has a high 
moisture content, and thus is lighter than the outside air. This light moist air rises under the influence of buoyancy, 
inducing flow through the tower. 


14-1 13C A spray pond cools the warm water by spraying it into the open atmosphere. They require 25 to 50 times the area 
of a wet cooling tower for the same cooling load. 
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14-114 Water is cooled by air in a cooling tower. The volume flow rate of air and the mass flow rate of the required 
makeup water are to be determined. 

Assumptions 1 Steady operating conditions exist and thus mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 4 The cooling 
tower is adiabatic. 

Analysis ( a ) The mass flow rate of dry air through the tower remains constant (m aX = m a2 = m a ) , but the mass flow rate of 

liquid water decreases by an amount equal to the amount of water that vaporizes in the tower during the cooling process. 
The water lost through evaporation must be made up later in the cycle to maintain steady operation. Applying the mass 
and energy balances yields 

Dry Air Mass Balance : 

I m ai = I m ae > m a i = m a2 = m a 

Water Mass Balance : 

AIR 32°C 

Z m wi = I m we -> m 3 + m al co x = m A + m a2 co 2 EXIT ^ 95% 



h x - 44.7 kJ/kg dry air 

co x = 0.008875 kg H 2 0/kg dry air 

u x = 0.848 m 3 /kg dry air 
and 

h 2 =106.6 kJ/kg dry air 

co 2 = 0.02905 kg H 2 0/kg dry air 


From Table A-4, 

h 3 = hj @ 40 o C = 167.53 kJ/kg H 2 0 
h 4 = hf@ 30 °c = 125.74 kJ/kg H 2 0 


Substituting, 


m 


Cl 


(40 kg/s)(167.53 - 125.74)kJ/kg 

(106.6 - 44.7) kJ/kg - (0.02905 - 0.008875)(125.74) kJ/kg 


= 28.17 kg/s 


Then the volume flow rate of air into the cooling tower becomes 
l \ =m a v l =C28.17kg/s)(0.848m 3 /kg) = 23.9 m 3 /s 
( b ) The mass flow rate of the required makeup water is determined from 

^makeup = ™ a (^2 - ) = (28. 17 kg/s)(0. 02905 - 0.008875) = 0.568 kg/s 
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14-115 Water is cooled by air in a cooling tower. The relative humidity of the air at the exit and the water’s exit 
temperature are to be determined. 

Assumptions 1 Steady operating conditions exist and thus mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 4 The cooling 
tower is adiabatic. 

Analysis The mass flow rate of dry air through the tower remains constant (m al = m a2 = rh a ) , but the mass flow rate of 

liquid water decreases by an amount equal to the amount of water that vaporizes in the tower during the cooling process. 
The water lost through evaporation must be made up later in the cycle to maintain steady operation. Applying the mass and 
energy balances yields 

Dry Air Mass Balance : 


5>'V, = 

Water Mass Balance : 


» m aX = = m 


a 2 


I -> m 3 +m a j©! =m 4 + m a 2 w 2 

'«3 ~ '«4 = m a (®2 - ®1 ) = '"makeup 

Energy Balance : 

/7 _ /7 _ a 77 710 (steady) _ /-» 

^in ^ out - system — u 

^in = ^out 

Z = Z m e h e (since Q = W =0) 

0 = Z m e h e - Z nijhj 

0 = m a2 h 2 + >ii 4 h 4 - - m 3 h 3 


AIR 20°C 

EXIT CD 


Solving for h 4 . 


h 4 = 


m 3 h 3 —tii a {h 2 -h y ) 


m m akeup 

From the psychrometric chart (Fig. A-31), 
h x - 20.4 kJ/kg dry air 
co x - 0.0021 1 kg H 2 0/kg dry air 



c/j = 0.819 m 3 /kg dry air 


and 


h 2 = 55.7 kJ/kg dry air 
^ =1=1 00% 

From Table A-4, 

h 3 =hf@ 32°c = 134.1 kJ/kg H 2 Q 


Also, ^makeup = (^2 ~ ^1 ) = (4.2 kg/s)(0.0 14 - 0.0021 1) 

Substituting, 

, m 3 h 3 -m a (h 2 -h x ) (4)(134. 1) - (0. 12)(55.7 - 
h 4 — — 

'«3 "'"makeup 4-0.050 

The exit temperature of the water is then (Table A-4) 

^4 = ^sat @ h f =98.3 1 kJ/kg = 23.4 °C 


= 0.050 kg/s 
20.4) 

- = 98.31 kJ/kg H 2 0 
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14-116 Water is cooled by air in a cooling tower. The volume flow rate of air and the mass flow rate of the required 
makeup water are to be determined. 

Assumptions 1 Steady operating conditions exist and thus mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 4 The cooling 
tower is adiabatic. 

Analysis (a) The mass flow rate of dry air through the tower remains constant (m aX = m a2 = m a ) , but the mass flow rate of 

liquid water decreases by an amount equal to the amount of water that vaporizes in the tower during the cooling process. 
The water lost through evaporation must be made up later in the cycle to maintain steady operation. Applying the mass and 
energy balances yields 
Dry Air Mass Balance : 

I m ai = I m a e - 
Water Mass Balance : 

I "V, = ^ m w,e 
m 3 +m al a»! =m 4 +m a2 co 2 

m 3 - '»4 = '»« (®2 - ®1 ) = '“makeup 

Energy Balance : 

7IQ (steady) _ q 


» m a[ = m„ 0 =m 


a 2 


35°C 

100% 


^in ^out ^^^system 


On 


Z rhfy = Z m e h e (since Q = W = 0) 
0 = Z m e h e -Z thfhf 

0 = ,7 Zi^ 2 + ,77 4^4 “ l h\ ~ 7 ^3^3 


m a = 


m 3 (h 3 -h 4 ) 


(h 2 -h x )-(co 2 ~C 0 \)h 4 

The properties of air at the inlet and the exit are 

= ^P sat@ 20 °c = (0.70)(2.3392 kPa) = 1.637 kPa 



Pvl = 


P al =P X - P vX = 96 - 1.637 = 94.363 kPa 


t 


Makeup 


t/i = 


co x = 


R a T \ 


Pal 
0.622 R 


(0.287 kPa • m J / kg • K)(293 K) n8Q1 3/v , • 

= 0.891m /kg dry air 


v\ 


94.363 kPa 
0.622(1.637 kPa) 


Pi ~Pa 


= 0.0108 kg H 2 0/kg dry air 


and 


(96- 1.637) kPa 

h x = c p T x + (o x h gX = (1.005 kJ/kg • °C)(20°C) + (0.0108)(2537.4 kJ/kg) = 47.5 kJ/kg dry air 
P v2 = (f) 2 P g2 = (j) 2 P 5at @ 35 o C = (1.00)(5.6291 kPa) = 5.6291 kPa 
0.622 P v2 0.622(5.6291 kPa) 


= 


Pi ~ P v 2 


= 0.0387 kg H 2 0/kg dry air 


(96-5.6291) kPa 

h 2 = c p T 2 + co 2 h g2 = (1.005 kJ/kg • °C)(35°C) + (0.0387)(2564.6 kJ/kg) = 134.4 kJ/kg dry air 


From Table A-4, 


h 3 — h j~ (a) 4o° C = 167.53 kJ/kg H 2 0 
h 4 = hf@ 3o°c = 125.74 kJ/kg H 2 0 


Substituting, 


m a = 


(25 kg/s)(167.53 - 125.74)kJ/kg 


= 12.53 kg/s 


(134.4 - 47.5) kJ/kg - (0.0387 - 0.0108)(125.74) kJ/kg 
Then the volume flow rate of air into the cooling tower becomes 
0 l = m a t/j = (12.53 kg/s)(0.891m 3 /kg) = 11.2m 3 /s 
( b ) The mass flow rate of the required makeup water is determined from 

m makeup = (^2 _ ) = (12.53 kg/s)(0.0387 -0.0108) = 0.35 kg/s 
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14-117 A natural-draft cooling tower is used to remove waste heat from the cooling water flowing through the condenser of 
a steam power plant. The mass flow rate of the cooling water, the volume flow rate of air into the cooling tower, and the 
mass flow rate of the required makeup water are to be determined. 

Assumptions 1 All processes are steady-flow and the mass flow rate of dry air remains constant during the entire process 
(m aX = m a2 = rii a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 


Analysis The inlet and exit states of the moist air for the tower are completely specified. The properties may be determined 
from the psychrometric chart (Fig. A-31) or using EES psychrometric functions to be (we used EES) 


h x = 50.74 kJ/kg dry air 

co x = 0.01085 kg H 2 0/kg dry air 

i/j = 0.8536 m 3 /kg dry air 
h 2 =142.83 kJ/kg dry air 
co 2 = 0.041 12 kg H 2 0/kg dry air 

The enthalpies of cooling water at the inlet and exit 
of the condenser are (Table A-4) 


T 2 = 37°C 
(j) 2 = 100 % 



T x = 23 °C 
T wb i = 18°C 


Makeup 

water 


h W 3 ~ hf@ 40 °c — 167.53 kJ/kg 
= hf@ 26 °c = 109.01 kJ/kg 


The steam properties for the condenser are (Steam tables) 


P sX = 200 kPa 
= 0 


\h sX =504.71 kJ/kg 


P s 2 =10 kPa 
s s2 = 7.962 kJ/kg.K 



2524.3 kJ/kg 





= lOkPa 
= 0 


\h s 3 =191.81 kJ/kg 


The mass flow rate of dry air is given by 

m _ t/, _ C\ 

V\ 0.8536 m 3 /kg 

The mass flow rates of vapor at the inlet and exit of the cooling tower are 

m = cq x m = (0.01085) — — — = 0.012711/, 

0.8536 

m = co 2 m = (0.041 12) — — — = 0.048171/, 

2 0.8536 

Mass and energy balances on the cooling tower give 

m vX +m cw3 =m v2 +m cw4 


™ a hi +m cw3 h w3 = m a h 2 +m cw4 h w 4 

The mass flow rate of the makeup water is determined from 

^makeup — ™v2 ~™v\ ~ ™cw3 ~^c\v 4 


An energy balance on the condenser gives 

0-18mAi +0.82 m s h s2 +m cw4 h w4 +>n, mkcup h w4 =m s h s3 +m cw3 h w3 

Solving all the above equations simultaneously with known and determined values using EES, we obtain 

m cw3 =1413 kg/s 

= 47,700 m 3 /min 

"'makeup =28.19 kg/S 
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14-1 18E Water is cooled by air in a cooling tower. The mass flow rate of dry air is to be determined. 

Assumptions 1 Steady operating conditions exist and thus mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 4 The cooling 
tower is adiabatic. 

Analysis The mass flow rate of dry air through the tower remains constant (m aX = m a2 = m a ) , but the mass flow rate of 

liquid water decreases by an amount equal to the amount of water that vaporizes in the tower during the cooling process. 
The water lost through evaporation must be made up later in the cycle to maintain steady operation. Applying the mass and 
energy balances yields 

Dry Air Mass Balance : 

Z<,, = Z<, e > Ki = "ha = " h, 

Water Mass Balance : 

Z m w ,i W 3 +m a\° J \ = "U + 

m 3 - m A = m a (a 2 - ® 3 ) = m makeup 
Energy Balance : 

/7 _ /7 - A/7 710 (^eady) _ ^ 

^in -^out system u 

E = E 0 ut 

Z = Z m e h e (since Q = W = 0) 

0 = Z rh e h e - Z ihjhj 

0 = m a2 h 2 + m A h A - m al h x - m 3 h 3 
0 = m^lv, -h x ) + (w 3 - m makeu v )h A - m 2 h 3 

Solving for m a , 

m^(h 3 -h 4 ) 

m a = 

(h 2 -h x )-(co 2 -co x )h 4 

From the psychrometric chart (Fig. A-31E), 

h x =19.9 Btu/lbm dry air 
co x = 0.0039 llbmH 2 0/lbm dry air 
i/j = 13.31 ft 3 /lbm dry air 


AIR 75°F 
EXIT (2) 80% 



INLET 
1 atm 
65 °F 
30% 


water 


and 


h 2 = 34.3 Btu/lbm dry air 

co 2 = 0.0149 lbmH 2 O/lbm dry air 


From Table A-4E, 

h 3 = hj @95 o C =63.04 Btu/lbm H 2 0 
h 4 =/2/@ 80 ° c = 48.07 Btu/lbm H ? 0 


Substituting, 


m 


a 


(3 lbm/s)(63.04 - 48.07)Btu/lbm 
(34.3 - 19.9) Btu/lbm - (0.0149 - 0.0039 1)(48.07) Btu/lbm 


= 3.22 Ibm/s 
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14-119E Water is cooled by air in a cooling tower. The exergy lost in the cooling tower is to be determined. 

Assumptions 1 Steady operating conditions exist and thus mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 4 The cooling 
tower is adiabatic. 

Analysis The mass flow rate of dry air through the tower remains constant (m aX = m a2 = m a ) , but the mass flow rate of 

liquid water decreases by an amount equal to the amount of water that vaporizes in the tower during the cooling process. 
The water lost through evaporation must be made up later in the cycle to maintain steady operation. Applying the mass and 
energy balances yields 

Dry Air Mass Balance : 



I » m a i = m al = m 


Water Mass Balance : 

Tm wJ ='Lm w , e -> m 3 +m a] oj, =m A + m a2 w 2 
m 3 - m 4 = m a (, w 2 - ) = w makeup 

Energy Balance : 

/7 _ /7 — A/7 710 (steady) _ ^ 

^in ^out ZAXj system u 

A = E 0 ut 

Z rhihj = Z m e h e (since Q = W = 0) 

0 = Z m e h e - Z rhjhj 

0 = m a2 h j + m A h 4 - m a] h t - m 3 h 3 

0 = mjho -h j) + (m 3 - »'j mak eup) /! 4 - fh 3 h 3 

Solving for , 

m^(h 3 -h 4 ) 

m a = 

(h 2 -h x )~ (a) 2 - co x )h 4 
From the psychrometric chart (Fig. A-31E), 


AIR 75°F 

EXIT 80% 



AIR 
INLET 
1 atm 
65°F 
30% 


water 


h x =19.9 Btu/lbm dry air 

co x = 0.0039 llbmH 2 0/lbm dry air 

1 ^! = 1 3 .3 1 ft 3 /lbm dry air 


and 


h 2 = 34.3 Btu/lbm dry air 

co 2 = 0.0 149 lbm H 2 O/lbm dry air 

From Table A-4, 

h 3 =hf@ 95 o F = 63.04 Btu/lbm H 2 0 
h 4 = h f @ 8() o F = 48 .07 Btu/lbm H 9 O 

Substituting, 

(3 lbm/s)(63.04 - 48.07)Btu/lbm 0 „ # 

m n = = 3.22 lbm/s 

(34.3 - 19.9) Btu/lbm - (0.0149 - 0.00391)(48.07) Btu/lbm 


The mass of water stream at state 3 per unit mass of dry air is 


m 3 



3 lbm water/s 
3.22 lbm dry air/s 


= 0.93 17 lbm water/lbm dry air 


The mass flow rate of water stream at state 4 per unit mass of dry air is 
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m 4 = m 3 - (co 2 - co x ) = 0.9317 - (0.0149 - 0.00391) = 0.9207 lbm water/lbmdry air 

The entropies of water streams are 

s 3 = ^ y @ 95 o F = 0.12065 Btu/lbm • R 
s 4 ~ s f @ 8o°f = 0.09328 Btu/lbm • R 

The entropy change of water stream is 

As water = m 4 s 4 ~ m 3 s 3 = 0.9207 x 0.09328 - 0.9317 x 0.12065 = -0.02653 Btu/R • lbm dry air 
The entropies of water vapor in the air stream are 
s g i = s g @ 65 o F = 2.0788 Btu/lbm • R 
s g 2 = s g@ bo°f - 2.0352 Btu/lbm • R 

The entropy change of water vapor in the air stream is 

As vapor =C0 2 s g 2 ~ gi = 0.0149 x 2.0352 - 0.0039 1 x 2.0788 = 0.02220 Btu/R • lbm dry air 

The partial pressures of water vapor and dry air for air streams are 

Pvi = •hPgi = A^sat@65°F = (0.30)(0. 30578 psia) = 0.0917 psia 
P ai =P 1 -P vl =14.696 - 0.0917 = 14.60 psia 
P v 2 =</> 2 P g 2 =^ 2 ^sat@ 75 °F = (0.80)(0.43016 psia) = 0.3441 psia 
p a2 = p 2- p v 2 = 14.696 - 0.3441 = 14.35 psia 

The entropy change of dry air is 


T 2 P 

A s a = s 2 - s { = c p In R In 


a 2 




P. 


a 1 


535 14 35 

= (0.240) In (0.06855) In — = 0.0057 1 2 Btu/lbm dry air 

525 14.60 


The entropy generation in the cooling tower is the total entropy change: 

s gen = As water + As vapor + A s a = -0.02653 + 0.02220 + 0.0057 12 = 0.001382 Btu/R • lbm dry air 

Finally, the exergy destruction per unit mass of dry air is 

x dest = ^o 5 gen = (525 R)(0.001382 Btu/R • lbm dry air) = 0.726 Btu/lbm dry air 


14-79 
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Review Problems 

14-120 Air is compressed by a compressor and then cooled to the ambient temperature at high pressure. It is to be 
determined if there will be any condensation in the compressed air lines. 

Assumptions The air and the water vapor are ideal gases. 

Properties The saturation pressure of water at 20°C is 2.3392 kPa (Table A-4).. 

Analysis The vapor pressure of air before compression is 

P v i =faP g = ^ sat@2 5 °c = (0.50X2.3392 kPa) = 1.17 kPa 

The pressure ratio during the compression process is (800 kPa)/(92 kPa) = 8.70. That is, the pressure of air and any of its 
components increases by 8.70 times. Then the vapor pressure of air after compression becomes 

P v 2 = P v \ x (Pressure ratio) = (1.17 kPa)(8.70) = 10.2 kPa 
The dew-point temperature of the air at this vapor pressure is 
^dp = ^sat @ P v2 ~ ^sat @ 10.2 kPa = 46. 1 °C 

which is greater than 20°C. Therefore, part of the moisture in the compressed air will condense when air is cooled to 20°C. 


14-121E The mole fraction of the water vapor at the surface of a lake and the mole fraction of water in the lake are to be 
determined and compared. 

Assumptions 1 Both the air and water vapor are ideal gases. 2 Air is weakly soluble in water and thus Henry’s law is 
applicable. 

Properties The saturation pressure of water at 60°F is 0.2564 psia (Table A-4E). Henry’s constant for air dissolved in water 
at 290 K (60°F) is given in Table 16-2 to be H = 62,000 bar. Since we do not have the value at 50°F, we may use this value. 

Analysis The air at the water surface will be saturated. Therefore, the partial pressure of water vapor in the air at the lake 
surface will simply be the saturation pressure of water at 60°F, 


^vapor _ ^sat@50°F -0.1781psia 

Assuming both the air and vapor to be ideal gases, the mole fraction 
of water vapor in the air at the surface of the lake is determined to be 

y vapor = ~~p~ = °' 17 ^ lpsia = 0.0123 (or 1.23 percent) 

P 14.5 psia 

The partial pressure of dry air just above the lake surface is 
^dryair =- P -- P vapor =14.5-0.1781 = 14.32 psia 


Air 

14.5 psi 

50°F 



Lake 


Then the mole fraction of air in the water becomes 


P 


y dry air, liquid side 


dry air,gasside 

H 


14.32 psia(latm/ 14.696 psia) 
62,000 bar(l atm/1.01325 bar) 


= 1.593 xlO' 5 


which is very small, as expected. Therefore, the mole fraction of water in the lake near the surface is 

y water, liquid side ~ 3’ dry air, liquid side ~ L593 xlO =1.0 

Discussion The concentration of air in water just below the air-water interface is 1.59 moles per 100,000 moles. The 
amount of air dissolved in water will decrease with increasing depth. 
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14-122E A room is cooled adequately by a 7500 Btu/h air-conditioning unit. If the room is to be cooled by an evaporative 
cooler, the amount of water that needs to be supplied to the cooler is to be determined. 

Assumptions 1 The evaporative cooler removes heat at the same rate as the air conditioning unit. 2 Water evaporates at an 
average temperature of 70°F. 

Properties The enthalpy of vaporization of water at 70°F is 1053.7 Btu/lbm (Table A-4E). 

Analysis Noting that 1 lbm of water removes 1053.7 Btu of heat as it evaporates, the amount of water that needs to 
evaporate to remove heat at a rate of 7500 Btu/h is determined from Q = m water ^ to be 


vyt 

water 



7500 Btu/h 
1053.7 Btu/lbm 


7.121bm/h 


14-123E The required size of an evaporative cooler in cfm (ft /min) for an 8-ft high house is determined by multiplying the 
floor area of the house by 4. An equivalent rule is to be obtained in SI units. 

Analysis Noting that 1 ft = 0.3048 m and thus 1 ft 2 = 0.0929 m 2 and 1 ft 3 = 0.0283 m 3 , and noting that a flow rate of 4 
ft /min is required per ft of floor area, the required flow rate in SI units per m of floor area is determined to 

1 ft 2 ^ 4 ft 3 / min 
0.0929 m 2 <-» 4 x 0.0283 m 3 / min 
lm 2 o 1.22 m 3 / min 

Therefore, a flow rate of 1.22 m /min is required per m of floor area. 


14-124 A cooling tower with a cooling capacity of 220 kW is claimed to evaporate 9500 kg of water per day. It is to be 
determined if this is a reasonable claim. 


Assumptions 1 Water evaporates at an average temperature of 30°C. 2 The coefficient of performance of the air- 
conditioning unit is COP = 3. 

Properties The enthalpy of vaporization of water at 30°C is 2429.8 kJ/kg (Table A-4). 

Analysis Using the definition of COP, the electric power consumed by the air conditioning unit when running is 



^cooling 

COP 


220 kW 
3 


73.33 kW 


Then the rate of heat rejected at the cooling tower becomes 
Rejected = ^cooling + Wfr = 220 + 73.33 = 293.3 kW 


Noting that 1 kg of water removes 2429.8 kJ of heat as it evaporates, the amount of water that needs to evaporate to remove 
heat at a rate of 293.3 kW is determined from 2 re j ected = m water hf g t0 


m water 


^2 rejected 293.3 kJ/s 

h fg ~ 2429.8 kJ/kg 


0. 1207 kg/s = 434.6 kg/h = 10,430 kg/day 


In practice, the air-conditioner will run intermittently rather than continuously at the rated power, and thus the water use 
will be less. Therefore, the claim amount of 9500 kg per day is reasonable. 
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14-125E It is estimated that 190,000 barrels of oil would be saved per day if the thermostat setting in residences in summer 
were raised by 6°F (3.3°C). The amount of money that would be saved per year is to be determined. 

Assumptions The average cooling season is given to be 120 days, and the cost of oil to be $20/barrel. 

Analysis The amount of money that would be saved per year is determined directly from 

(190,000 barrel/day)(120 days/year)($70/barrel) = $ 1 , 596 , 000 ,000 

Therefore, the proposed measure will save more than one and half billion dollars a year. 


14-126 Shading the condenser can reduce the air-conditioning costs by up to 10 percent. The amount of money shading can 
save a homeowner per year during its lifetime is to be determined. 

Assumptions It is given that the annual air-conditioning cost is $500 a year, and the life of the air-conditioning system is 
20 years. 

Analysis The amount of money that would be saved per year is determined directly from 
($500/year)(20 years)(0.10) = $1000 

Therefore, the proposed measure will save about $1000 during the lifetime of the system. 


14-127 Air at a specified state is heated to to a specified temperature. The relative humidity after the heating is to be 
determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (m al = m a2 = rh a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 

Analysis The properties of the air at the ambient state are determined from the psychrometric chart (Figure A-31) to be 


co x = 0.0015 kg H 2 0/kg dry air (= co 2 ) 

As the outside air infiltrates into the dacha, it does not gain or 
lose any water. Therefore the humidity ratio inside the dacha is 
the same as that outside, 

co 2 = co x = 0.0015 kg H 2 0/kg dry air 

Entering the psychrometry chart at this humidity ratio and the 
temperature inside the dacha gives 

zz 0.118 = 11.8% 
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Q 

14-128 Air is humidified by evaporating water into this air. The amount of heating per m of air is to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (m aX = m a2 = m a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychrometric chart (Figure A-31) to be 

h x =21.9 kJ/kg dry air 
co x - 0.00151 kg H 2 0/kg dry air 

v x = 0.8268 m 3 /kg dry air 
and 

h 2 = 37.7 kJ/kg dry air 
co 2 = 0.00773 kg H 2 0/kg dry air 

Also, 

h w =h f@ 20 o C = 83.92 kJ/kg (Table A-4) 

Analysis The amount of moisture in the air increases due to humidification {co 2 > co i). Applying the water mass balance 
and energy balance equations to the combined cooling and humidification section, 

Water Mass Balance : 


\ 


Water 

pn 20°C 


18°C 

60% 


1 atm 
18°C 
11 . 8 % 


AIR 


£ m wJ = 'Lm we >m al co l = m a2 co 2 +tii w 


Energy Balance : 


T7 _ T7 = AF <^0 (steady) ^ 


in out 


^in ^out 


Z +2 in = z m e h e 

Gin =rh a2 h 2 ~™a\ h \ ~™w h w =fh a( h 2 ~h x )~m w h 


w 


<y,n = h 2 -h l -(a 2 -w l )h 


VV 


= (37.7 - 21.9)kJ/kg - (0.00773 -0.0015 1)(83.92) 

= 15.28 kJ/kg dry air 
The heat transfer per unit volume is 

q m 15.28 kJ/kg dry air . _ _ . . , 3 


Gin = 


0.827 m /kg dry air 


18.5 kJ/m 
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14-129E Air is cooled by evaporating water into this air. The amount of water required and the cooling produced are to be 
determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (m al = m a2 = rh a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychrometric chart (Figure A-31E) to be 


h x =35.6 Btu/lbm dry air 


and 

co x = 0.0082 lbm H 2 0/lbm dry air 


i 

f Water 
0 70°F 


h 2 = 34.3 Btu/lbm dry air 

1 atm 

AIR 

75°F 

^ * 80% 
2 ^ 


co 2 = 0.0149 lbm H 2 0/lbm dry air 

1 10°F 
15% 

► 


Also, 


h w = hf @ 70 o F =38.08 Btu/lbm (Table A-4E) 

Analysis The amount of moisture in the air increases due to humidification {co 2 > o){). Applying the water mass balance 
and energy balance equations to the combined cooling and humidification section, 

Water Mass Balance : 


Y.m wi = lLm we >m al w 1 =m a2 w 2 +m w 

Aco = a> 2 - &>, = 0.0149 - 0.0082 = 0.0067 Ibm H 2 0/klbm dry air 
Energy Balance : 


T7 _ r - A/7 ^0 (steady) _ q 

i-ant — LAJ-j S y Stem — 


'out 


out 

£ in =£ 

I»yz,. =Q out +Hm e h e 

<2out = KA + th wK - ,h a2 h 2 = m a A ~ + th w h 


w 


<7out = h l ~ h 2 +((D 2 -G) { )h w 


= (335.6 - 34.3)Btu/lbm + (0.0067)(38.08) 

= 1 .47 Btu/lbm dry air 
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14-130E Air is humidified adiabatically by evaporating water into this air. The temperature of the air at the exit is to be 
determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (m aX = m a2 = rh a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Properties The inlet state of the air is completely specified, and the total pressure is 1 atm. The properties of the air at the 
inlet state are determined from the psychrometric chart (Figure A-31E) to be 

h x = 35.6 Btu/lbm dry air 

co x - 0.0082 lbm H 2 0/lbm dry air 

and h w = h f@ 70 o F =38.08 Btu/lbm (Table A-4E) 


Analysis The amount of moisture in the air increases due to humidification (co 2 > co i). Applying the water mass balance 
and energy balance equations to the combined cooling and humidification section, 

Water Mass Balance : 




=m a2 co 2 +m 


W 


m w =m a (0J 2 (0 \ ) 

Energy Balance : 


f 1 _ f 1 - A/7 <^0 (steady) _ ^ 


1 in out 

K = E t 
'Lrhihi = Y,m e h l 


out 


+m w h w =m a2 h 2 
m w h w =m a (h 2 -h l ) 
(® 2 )h„ =h 2 -h\ 


1 atm 
1 10°F 
15% 


1 Water 
m 70°F 





Substituting, 

(® 2 -0.0092X83.92) = h 2 -64.0 

The solution of this equation requires a trial-error method. An air exit temperature is assumed. At this temperature and the 
given relative humidity, the enthalpy and specific humidity values are obtained from psychrometric chart and substituted 
into this equation. If the equation is not satisfied, a new value of exit temperature is assumed and this continues until the 
equation is satisfied. Alternatively, an equation solver such as EES may be used for the direct results. We used the 
following EES program to get these results: 

T 2 = 79.6°F 

h 2 = 35.8 Btu/lbm dry air 

co 1 = 0.0152 lbm H 2 0/lbm dry air 


"Given" 

P=14.696 [psia] 

T 1 =110 [F] 

phi 1 =0.1 5 

phi_2=0.70 
T_w=70 [F] 

"Analysis" 

Fluid1$='AirH20' 

Fluid2$='steam_iapws' 

h_1 =enthalpy(Fluid1 $, T=T_1, R=phi_1, P=P) 
w_1=humrat(Fluid1$, T=T_1, Fi=phi_1, P=P) 
h_2=enthalpy(Fluid1 $, T=T_2, R=phi_2, P=P) 
w_2=humrat(Fluid1$, T=T_2, F!=phi_2, P=P) 
h_w=enthalpy(Fluid2$, T=T_w, x=0) 

q=o 

q=h_1 -h_2+(w_2-w_1 )*h_w 
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14-131E Air is cooled and dehumidified at constant pressure. The rate of cooling and the minimum humid air temperature 
required to meet this cooling requirement are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX = m a2 = rh a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychrometric chart (Figure A-31) to be 


h x = 50.6 Btu/lbm dry air 
c o x = 0.0263 lbm H 2 0/lbm dry air 
v x zz 14.44 ft 3 /lbm dry air 

and 

h 2 =28.2 Btu/lbm dry air 

0 ) 2 = 0.0093 lbm H 2 0/lbm dry air 

We assume that the condensate leaves this system at the 
average temperature of the air inlet and exit. Then, 

h w =hj?@ 82 5 o F = 50.56 Btu/lbm (Table A-4) 



' 

Cooling coils 

L 


T 2 = 75°F 



T\ = 90°F 

</> 2 =50% 

0 0 * u „ 

b 6 b b 1 atm 
h 6 h 6 h Condensate 

</\ =85% 

(D 

Condensate 
82.5 F , 

removal 

0 


Analysis The amount of moisture in the air decreases due to dehumidification ( co 2 < co\). The mass of air is 


m a = 


V\ 


1000 ft 


= 69.25 lbm 


V\ 14.44 ft /lbm dry air 

Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section, 
Water Mass Balance : 


v = >rh a\^\ = KiM 2 +'< 


m w = m a (co x - co 2 ) = (69.25 kg)(0.0263- 0.0093) = 1.177 lbm 


Energy Balance : 


^in ^out 



Hm i h i 

^out 

Qout 

Q-oul 


_ A/7 (steady) _ n 

— LSEj system — o 

zz F 

^ out 

= Qout +Zm e h e 

= m aX h x ~(m a2 h 2 +m w hj = m a (h x -h 2 )-m w h w 
= m a ( h i -h 2 )-m w h w 

= (69.25 kg)(50.6 - 28.2)Btu/lbm - ( 1 . 1 77 lbm) (5 0.5 6 Btu/lbm) 

= 1 492 Btu 


For the desired dehumidification, the air at the exit should be saturated with a specific humidity of 0.0093 lbm water/lbm 
dry air. That is, 

= 1.0 

co 2 - 0.0093 lbm H 2 0/lbm dry air 


The temperature of the air at this state is the minimum air temperature required during this process: 

T 2 = 55.2°F 
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14-132E Air is cooled and dehumidified at constant pressure by a simple ideal vapor-compression refrigeration system. The 
system’s COP is to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (m aX = m a2 = rh a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Analysis The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychrometric chart (Figure A-31) to be 

h x =50.6 Btu/lbm dry air 

co x = 0.0263 lbm H 2 0/lbm dry air 

v x zz 14.44 ft 3 /lbm dry air 

and 

h 2 =28.2 Btu/lbm dry air 
co 2 - 0.0093 lbm H 2 0/lbm dry air 

For the desired dehumidification, the air at the exit should be ^ Condensate 

saturated with a specific humidity of 0.0093 lbm water/lbm dry air. 82.5°F remova j 

That is, 

$2 = 1-0 

0 ) 2 = 0.0093 lbm H 2 0/lbm dry air 

The temperature of the air at this state is the minimum air temperature required during this process: 

T 2,min = 55.2°F 

From the problem statement, the properties of R- 134a at various states are (Tables A- 11E through A-13E or from EES): 



T x = 55.2-10 = 45.2°F 

P\ = ^sat @ 45.2°F “ ^5 P S * a 

sat. vapor 


h i = h g @ 55 psia = 109.49 Btu/lbm 
s \ = S £@55psia =0.22156 Btu/lbm R 


r sat = 90 + 19.5 = 109. 5°F 

p i = P sat@i 09 . 5 °F = 160psia > /z 2 = 1 19.01 kJ/kg 

'll. liquid PSla } ki = kf ® 160psla = 48 ' 52 BtU/lbm 

h 4 = h 3 = 48.52 Btu/lbm (throttling) 

The COP of this system is then 

COpA = i^= m49 - 48 - 52 = 6.40 
w in h 2 -h x 119.01-109.49 
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14-133 A tank contains saturated air at a specified state. The mass of the dry air, the specific humidity, and the enthalpy of 
the air are to be determined. 

Assumptions The air and the water vapor are ideal gases. 

Analysis ( a ) The air is saturated, thus the partial pressure of water vapor is equal to the saturation pressure at the given 
temperature, 

= Pg = F sat @ 20 °c = 2.339 kPa 
P a =P- P v =90- 2.339 = 87.66 kPa 

Treating air as an ideal gas, 

PV (87.66 kPa)( 1.8 m 3 ) 

m — — 

“ R a T (0.287 kPa • m 3 / kg • K)(293 K) 



(b) The specific humidity of air is determined from 


0 ) = 


0.622 P v 
P-P 

V 


(0.622)(2.339 kPa) 
(90-2.339) kPa 


= 0.0166 kgH 2 0/kgdry air 


(c) The enthalpy of air per unit mass of dry air is determined from 
h = h a + (oh v =c p T + coh g 
= (1.005 kJ/kg • °C)(20°C) + (0.0166)(2537.4kJ/kg) 

= 62.2 kJ/kg dry air 
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14-134 



Problem 14-133 is reconsidered. The properties of the air at the initial state are to be determined and the 


effects of heating the air at constant volume until the pressure is 1 10 kPa is to be studied. 
Analysis The problem is solved using EES, and the solution is given below. 


"Input Data:" 

Tdb[1] = 20 [C] 

P[1]=90 [kPa] 

Rh[1]=1 .0 
P[2]=110 [kPa] 

Vol = 1.8 [m A 3] 

w[1]=HUMRAT(AirH20,T=Tdb[1],P=P[1] 1 R=Rh[1]) 

v[1]=V0LUME(AirH20,T=Tdb[1],P=P[1],R=Rh[1]) 

m_a=Vol/v[1] 

h[1]=ENTHALPY(AirH20,T=Tdb[1],P=P[1],w=w[1]) 

"Energy Balance for the constant volume tank:" 

EJn - E_out = DELTAE_tank 
DELTAE tank=m_a*(u[2] -u[1]) 

E_in = Q_in 
E_out = 0 [kJ] 

u[1]=INTENERGY(AirH20,T=Tdb[1],P=P[1],w=w[1]) 

u[2]=INTENERGY(AirH20,T=Tdb[2],P=P[2],w=w[2]) 

"The ideal gas mixture assumption applied to the constant volume process yields:" 
P[1 ]/(Tdb[1]+273)=P[2]/(Tdb[2]+273) 

"The mass of the water vapor and dry air are constant, thus:" 
w[2]=w[1] 

Rh[2]=RELHUM(AirH20,T=Tdb[2],P=P[2],w=w[2]) 

h[2]=ENTHALPY(AirH20,T=Tdb[2],P=P[2],w=w[2]) 

v[2]=V0LUME(AirH20,T=Tdb[2],P=P[2],R=Rh[2]) 

PROPERTIES AT THE INITIAL STATE 
h[1]=62.25 [kJ/kga] 
m_a=1 .875 [kga] 
v[1]=0.9599 [m A 3/kga] 
w[1]=0. 01659 [kgw/kga] 



p 2 

[kPal 

Qin 

[kJl 

90 

0 

92 

9.071 

94 

18.14 

96 

27.22 

98 

36.29 

100 

45.37 

102 

54.44 

104 

63.52 

106 

72.61 

108 

81.69 

110 

90.78 


P[2] [kPa] 
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V = VA = V 


7rD 


= (50 ft/s) 


^x(8/12ft) 2 ^ 


= 17.45 ft Vs 


14-135E Air at a specified state and relative humidity flows through a circular duct. The dew-point temperature, the 
volume flow rate of air, and the mass flow rate of dry air are to be determined. 

Assumptions The air and the water vapor are ideal gases. 

Analysis ( a ) The vapor pressure of air is 

P v = (f>P„ - (j)P s , Ai @ 60 ° p - (0.50)(0.2564psia) = 0.128 psia 

Thus the dew-point temperature of the air is 

T dp = T m @ P„ = ^sat @0.1 28 psia = 413 ° F ( from EE S) 

( b ) The volume flow rate is determined from 

,2 


AIR 
15 psia 
50 f/s 
60°F, 50% 


(c) To determine the mass flow rate of dry air, we first need to calculate its specific volume, 
P a = P- P v =15 -0.128 = 14.872 psia 


Thus, 


= 


R a T x (0.3704 psia • ft 3 /lbm • R)(520 R) 


P 


a\ 




14.872 psia 


= 1 2.95 ft 3 / lbm dry air 


17.45 ft 3 /s 


m a\ = 


1 2.95 ft 3 / lbm dry air 


= 1.35 lb m/s 
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14-136 Air enters a cooling section at a specified pressure, temperature, and relative humidity. The temperature of the air at 
the exit and the rate of heat transfer are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m al = m a2 = m a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Analysis ( a ) The amount of moisture in the air also remains constant (co x = co 2 ) as it flows through the cooling section 

since the process involves no humidification or dehumidification. The total pressure is 97 kPa. The properties of the air at 
the inlet state are 


p v 1 = frPgi = (Z^sat @ 35 °c = (0.3)(5.629 kPa) = 1.69 kPa 
p al =p l - p vl = 97 - 1 .69 = 95.3 1 kPa 

_ R a T { _ (0.287 kPa • m 3 / kg • K)(308 K) 

1/1 ~ P al ~ 95.31 kPa 

= 0.927 m 3 / kg dry air 




6 m 3 /min 97 kPa AIR 


(O x 


0.622 P vX 

Pi ~ Ki 


0.622(1.69 kPa) 
(97-1.69) kPa 


= 0.01 10 kg H 2 0/kg dry air (= co 2 ) 


h x = c p T x + co x h gX = (1.005 kJ/kg°C)(35°C) + (0.01 10)(2564.6 kJ/kg) = 63.44 kJ/kg dry air 


The air at the final state is saturated and the vapor pressure during this process remains constant. Therefore, the exit 
temperature of the air must be the dew-point temperature, 




= T. 


sat @ 1 .69 kPa 


= 14.8°C 


(b) The enthalpy of the air at the exit is 

/*2 = c p T 2 + co 2 h g2 = (1.005 kJ/kg • °C)(14.8°C) + (0.01 1 0) (25 28. 1 kJ/kg) = 42.78 kJ/kg dry air 


Also 




6 m 3 /s 


m a = 


V\ 0.927 m 3 / kg dry air 


= 6.47 kg/min 


Then the rate of heat transfer from the air in the cooling section becomes 

Gout = (^i - h 2 ) = (6.47 kg/min)(63.44 - 42.78)kJ/kg = 134kJ/min 
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14-137 The outdoor air is first heated and then humidified by hot steam in an air-conditioning system. The rate of heat 
supply in the heating section and the mass flow rate of the steam required in the humidifying section are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m al = m a2 = rh a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Properties The amount of moisture in the air also remains constants it flows through the heating section (co x = co 2 ) , but 

increases in the humidifying section (co 3 > co 2 ) . The inlet and the exit states of the air are completely specified, and the 

total pressure is 1 atm. The properties of the air at various states are determined from the psychrometric chart (Fig. A-31) 
to be 


h x =17.7 kJ/kg dry air 

C0\ = 0.0030 kg H 2 0/kg dry air (= co 2 ) 

i/j = 0.807 m 3 /kg dry air 

h 2 - 29.8 kJ / kg dry air 
co 2 = co x = 0.0030 kg H 2 0 / kg dry air 


h 3 = 52.9 kJ / kg dry air 
co 3 = 0.0109 kg H 2 0 / kg dry air 

Analysis ( a ) The mass flow rate of dry air is 


22 m 3 / min 


m a 


V\ 0.807 nr / kg 


= 27.3kg/min 



25°C 

55% 


Then the rate of heat transfer to the air in the heating section becomes 

Gin = wJJh ~ \ ) = (27.3 kg / min)(29.8 - 17.7)kJ / kg = 330.3 kJ / min 


(b) The conservation of mass equation for water in the humidifying section can be expressed as 

m a2 0)2 + m w = m a3 0 ) 3 or m w = m a (® 3 - w 2 ) 

Thus, 

m w = (27.3 kg / min)(0.0109 - 0.0030) = 0.216 kg / min 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



14-93 


14-138 Air is cooled and dehumidified in an air-conditioning system with refrigerant- 134a as the working fluid. The rate of 
dehumidification, the rate of heat transfer, and the mass flow rate of the refrigerant are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX = m a2 = rh a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Analysis ( a ) The saturation pressure of water at 30°C is 4.2469 kPa. Then the dew point temperature of the incoming air 
stream at 30°C becomes 




= T. 


sat @ 0.7x4.2469 kPa 


= 24°C 


Since air is cooled to 20°C, which is below its dew point temperature, some of the moisture in the air will condense. 

The mass flow rate of dry air remains constant during the entire process, but the amount of moisture in the air 
decreases due to dehumidification ( co 2 < co x ) . The inlet and the exit states of the air are completely specified, and the total 

pressure is 1 atm. Then the properties of the air at both states are determined from the psychrometric chart (Fig. A-31) to 
be 


h x =78.3 kJ/kg dry air 

co x = 0.0188 kg H 2 0/kg dry air 

c/j = 0.885 nr /kg dry air 

and 

h 2 = 57.5 kJ / kg dry air 
co 2 = 0.0147 kg H 2 0/kg dry air 

Also, h w = hf @20 o C = 83.9 15 kJ/kg (Table A-4) 

th. • 4 m 3 /min . 

Then, m aX — — = = 4.52 kg/min 

V\ 0.885 m 3 /kg dry air 




Applying the water mass balance and the energy balance equations to the combined cooling and dehumidification section 
(excluding the refrigerant), 

Water Mass Balance : 




m al co l =m a2 co 2 +m 


W 


m w = m a (co x — co 2 ) — (4.52 kg/min)(0.0188 - 0.0147) = 0.0185 kg/min 
( b ) Energy Balance : 

p - p -A F 710 (steady) = 0 

^out ^-^system u 


■> Gout = m a\ h \ - C n a2 h 2 + KK) = >h a( h 1 “ h 2 ) ~ lil nK 


Ein ^out 

I m,^ = G 0 ut + 1 m e h e - 

Q oat = (4.52 kg/min)(78.3 - 57.5)kJ/kg - (0.0185 kg/min )( 83.9 15 kJ/kg) = 92.5kJ/min 

(c) The inlet and exit enthalpies of the refrigerant are 

h 3 =h g +x 3 h fg =88.82 + 0.2x176.21 = 124.06 kJ/kg 
h 4 = hg@ 700 kPa —265.03 kJ/kg 

Noting that the heat lost by the air is gained by the refrigerant, the mass flow rate of the refrigerant becomes 

Q r 92.5kJ/min 


Q r =m R (h 4 -h 3 ) -> m R = 


h A -h 3 (265.03 -124.06) kJ/kg 


= 0.66 kg/min 
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14-139 Air is cooled and dehumidified in an air-conditioning system with refrigerant- 1 34a as the working fluid. The rate of 
dehumidification, the rate of heat transfer, and the mass flow rate of the refrigerant are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 

Analysis ( a ) The dew point temperature of the incoming air stream at 30°C is 
P v \ = 4\P ? i = fiiP Ut @ 30 °c = (0.7)(4.247 kPa) = 2.973 kPa 

“ ^sat @ 2.973 kPa = 24°C 

Since air is cooled to 20°C, which is below its dew point 
temperature, some of the moisture in the air will condense. 

The amount of moisture in the air decreases due to 
dehumidification (co 2 < co x ) . The inlet and the exit states of the 

air are completely specified, and the total pressure is 95 kPa. 

The properties of the air at both states are determined to be 
P aX = P X - P vl =95- 2.97 = 92.03 kPa 


•^dp -^sat @ P 


R-134a 


(D 

1 700 kPa 
x 3 = 20% 




30°C 
70% — 

Q # 

4 nr /min 


® 

1 700 kPa 
sat. vapor 



95 kPa 


AIR 

20°C 


= 




(0.287 kPa • m 3 / kg • K)(303 K) 


P. 


a 1 


0.622 R 


CQ X = 


V’l 


Pi -Pvl 


92.03 kPa 

0.622(2.97 kPa) 
(95-2.97) kPa 


= 0.945 nr / kg dry air 


= 0.020 1 kg H 2 O/kg dry air 


h x = Cp T x +co x h sX = (1.005 kJ/kg • °C)(30°C) + (0.0201 )(2555. 6 kJ/kg) = 81.50 kJ/kg dry air 




and 


p v2 = ^2 = a.°°)p g 


sat @ 20°C 


= 2.3392 kPa 


^2 = 


0.622 P 2 0.622(2.3392 kPa) 


v2 

Pi -Pvl 


= 0.0157 kg H 2 O/kg dry air 


(95-2.3392) kPa 

h 2 =c p T 2 +co 2 h g2 = (1.005 kJ/kg • °C)(20°C) + (0.0157)(2537.4 kJ/kg) = 59.94 kJ/kg dry air 


Also, 

h w — ^/@ 20 °c —83.9 15 kJ/kg 

(Table A-4) 


f/J/7 

Q 

4m7 min 

= 4.23 kg/min 

Then, 

m a\ ~ 

^1 

0.945 m 3 / kg dry air 


Applying the water mass balance and the energy balance equations to the combined cooling and dehumidification section 
(excluding the refrigerant), 

Water Mass Balance: X m w j = X m w e > m aX co x = m a 2 co 2 + m w 

m w = m a (co j ~(o 2 ) = (4.23 kg / min)(0.0201 - 0.0157) = 0.0186 kg /min 
(. b ) Energy Balance : 

F- F -A F 710 (steady) - 0 

^out ^-^system 


P\n — PqM 


'Lm i h i = Q out +'Lm e h ( 


■> Gout = m a\ h \ ~ ( fh a2 h 2 + KK) = th a( h 1 “ h 2)~ rh J l W 


Gout = (4.23 kg/min)(81.50 - 59.94) kJ/kg - (0.0186kg/min)(83.915 kJ/kg) = 89.7kJ/min 

(c) The inlet and exit enthalpies of the refrigerant are 

h 3 =h g +x 3 h Jg = 88.82 + 0.2 x 176.21 = 124.06 kJ/kg 

h 4 — ^^@700kPa —265.03 kJ/kg 

Noting that the heat lost by the air is gained by the refrigerant, the mass flow rate of the refrigerant is determined from 
Qr =m R (h 4 -h 3 ) 

Q r 89.7 kJ/min 


m R = 


h 4 - h 3 (265.03 - 124.06) kJ/kg 


= 0.636 kg/min 
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14-140 Air is heated and dehumidified in an air-conditioning system consisting of a heating section and an evaporative 
cooler. The temperature and relative humidity of the air when it leaves the heating section, the rate of heat transfer in the 
heating section, and the rate of water added to the air in the evaporative cooler are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX = m a2 = m a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 

Analysis (a) Assuming the wet-bulb temperature of the air remains constant during the evaporative cooling process, the 
properties of air at various states are determined from the psychrometric chart (Fig. A- 3 1 or EES) to be 


T x = 15°C 



0 X =55% J 


j^i = 

</i = 


29.8 kJ/kg dry air 
0.00581 kg/ H 2 0/kg dry air 
0.824m 3 /kg 


^wb2 


?3 = 

03 = 


= CQ X 
= ^wb3 

25 °C 
45% ’ 


■j T 1 

* 02 

h 2 

h 3 

0)3 

T w b3 


= 32.5°C 
= 19.2% 

= h 3 = 47.8 kJ / kg dry air 

= 47.8 kJ/kg dry air 
= 0.00888 kg/ H 2 0/kg dry air 
= 17.1°C 



25°C 

45% 


(, b ) The mass flow rate of dry air is 

i \ 30m 3 /min 

V\ 0.824m 3 /kg dry air 


36.4kg/min 


Then the rate of heat transfer to air in the heating section becomes 

Gin = ™a (h 2 ~h x ) = (36.4 kg/min)(47.8 - 29.8)kJ/kg = 655 kj/min 
(c) The rate of water added to the air in evaporative cooler is 

m Wt added = - *h w 2 = /7 T/ (^3 _ ^2 ) = (36.4 kg/min)(0. 00888 - 0.00581) = 0.112 kg/min 
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14-141 



Problem 14-140 is reconsidered. The effect of total pressure in the range 94 to 100 IcPa on the results 


required in the problem is to be studied. 

Analysis The problem is solved using EES, and the solution is given below. 


P=101.325 [kPa] 

Tdb[1] =15 [C] 

Rh[1] = 0.55 

Vol_dot[1]= 30 [m A 3/min] 

Tdb[3] = 25 [C] 

Rh[3] = 0.45 

P[1] = P 
P[2]=P[1] 

P[3]=P[1] 

"Energy balance for the steady-flow heating process 1 to 2:" 

"We neglect the PE of the flow. Since we don't know the cross sectional area of the flow streams, we also 
neglect theKE of the flow." 

E_dot_in - E_dot_out = DELTAE_dot_sys 
DELTAE_dot_sys = 0 [kJ/min] 

E_dot_in = m_dot_a*h[1]+Q_dot_in 
Edotout = mdota*h[2] 

"Conservation of mass of dry air during mixing: m_dot_a = constant" 
mdota = Vol_dot[1]/v[1] 

"Conservation of mass of water vapor during the heating process:" 
mdota*w[1] = m_dot_a*w[2] 

"Conservation of mass of water vapor during the evaporative cooler process:" 
mdota*w[2]+mdotw = m_dot_a*w[3] 

"During the evaporative cooler process:" 

Twb[2] = Twb[3] 

Twb[3] =WETBULB(AirH20,T=Tdb[3],P=P[3],R=Rh[3]) 

h[1]=ENTHALPY(AirH20,T=Tdb[1],P=P[1],R=Rh[1]) 

v[1]=VOLUME(AirH20,T=Tdb[1],P=P[1],R=Rh[1]) 

w[1]=HUMRAT(AirH20,T=Tdb[1],P=P[1],R=Rh[1]) 

{h[2]=ENTHALPY(AirH20,T=Tdb[2],P=P[2],B=Twb[2])} 

h[2]=h[3] 

Tdb[2]=TEMPERATURE(AirH20,h=h[2],P=P[2],w=w[2]) 

w[2]=HUMRAT(AirH20,T=Tdb[2],P=P[2],R=Rh[2]) 

h[3]=ENTHALPY(AirH20,T=Tdb[3],P=P[3],R=Rh[3]) 

w[3]=HUMRAT(AirH20,T=Tdb[3],P=P[3],R=Rh[3]) 


CD 

Q- CL 

m w 

[kg/min] 

Qin 

[kJ/min] 

Rh 2 

Tdb 2 

[Cl 

94 

0.1118 

628.6 

0.1833 

33.29 

95 

0.1118 

632.2 

0.1843 

33.2 

96 

0.1118 

635.8 

0.1852 

33.11 

97 

0.1118 

639.4 

0.186 

33.03 

98 

0.1118 

643 

0.1869 

32.94 

99 

0.1117 

646.6 

0.1878 

32.86 

100 

0.1117 

650.3 

0.1886 

32.78 
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P [kPa] 



P [kPa] 
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14-142 Air is heated and dehumidified in an air-conditioning system consisting of a heating section and an evaporative 
cooler. The temperature and relative humidity of the air when it leaves the heating section, the rate of heat transfer in the 
heating section, and the rate at which water is added to the air in the evaporative cooler are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX = m a2 = m a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 

Analysis (a) Assuming the wet-bulb temperature of the air remains constant during the evaporative cooling process, the 
properties of air at various states are determined to be j 


P v i =faP g i =^sat@i 5 °c = (0.55X1.7057 kPa) = 0.938 kPa 
P al = P X - P vl =96- 0.938 - 95.06 kPa 


(/< = 




p 


a\ 


(0.287 kPa • m 3 / kg • K)(288 K) 
95.06 kPa 


15°C 

55% — 

30 m 3 /min 


CO\ = 


= 0.8695 nr / kg dry air 
0.622 P vl 0.622(0.8695 kPa) 


Heating f 
coils 



Water 


pn 


AIR 


96 kPa 
T 2 


25 °C 
45% 


0 ) 


Pl - Pv 1 


= 0.006 1 38 kg H 2 0/kg dry air 


and 


(96-0.8695) kPa 

h x = Cp T x + co x h gX = (1.005 kJ/kg • °C)(15°C) + (0.006138)(2528.3 kJ/kg) = 30.59 kJ/kg dry air 

P V 3 =( / > 3 ^ > g 3 = ^ 3 ^sat@ 25 °c — (0.45)(3. 17 kPa) = 1.426 kPa 
P a 3 = P 3 - P v3 = 96 - 1.426 - 94.57 kPa 
0.622 P v3 0.622(1.426 kPa) 


co 3 = 


P 3 ~ P v 3 


= 0.009381 kg H 2 0/kg dry air 


Also, 


(96-1.426) kPa 

h 3 = Cp T 3 + co 3 h g 3 - (1.005 kJ/kg • °C)(25°C) + (0.009381)(2546.5 kJ/kg) 
= 49.01 kJ/kg dry air 

h 2 = h 3 = 49.01 kJ/kg 

co 2 =co x = 0.006138 kg H 2 0/kg dry air 


Thus, 


h 2 =c p T 2 +(D 2 h g2 = c p T 2 +^ 2 (2500.9 + 1.82T 2 ) = (1.005 kJ/kg -°C)r 2 + (0.006 138)(2500.9 + 1.82T 2 ) 
Solving for T 2 , 


T 2 = 33.1°C 




■> P g 2 - -P sat @ 33 .i 0 c - 5.072 kPa 
(0.006 138)(96) 


Thus, (b 2 = — 

(0.622 + co 2 )P g2 (0.622 + 0.006138)(5.072) 

( b ) The mass flow rate of dry air is 


= 0.185 or 18.5% 


l/, 


30 m / min 


m a = 


V\ 0.8695 m J /kg dry air 


= 34.5 kg/min 


Then the rate of heat transfer to air in the heating section becomes 

<2in = m a ( h 2 -h x ) = (34.5 kg/min)(49.01 - 30.59)kJ/kg = 636 kj/min 
(c) The rate of water addition to the air in evaporative cooler is 

™w, added = rn w 3 ~ rn w 2 = (^3 ~ &> 2 ) = (34.5 kg/min)(0.00938 1 - 0.006138) = 0.112 kg/min 
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14-143 Air is cooled, dehumidified and heated at constant pressure. The system hardware and the psychrometric diagram 
are to be sketched and the heat transfer is to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (m al = rh a2 = m a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Analysis (a) The schematic of the cooling and dehumidifaction process and the the process on the psychrometric chart are 
given below. The psychrometric chart is obtained from the Property Plot feature of EES. 


T 2 = 20°C 

r wb2 =i2°c 


Cooling coils 



Condensate 

removal 


7>30°C 

0i=6O% 


AirH20 



(b) The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of the air 
at the inlet and exit states are determined from the psychrometric chart (Figure A- 3 1 or EES) to be 

h { =71.2 kJ/kg dry air 

co x =0.0160 kg H 2 0/kg dry air 

i/j = 0.881 m 3 /kg dry air 
and 

0 2 =0.376 

h 2 =33.9 kJ/kg dry air 

co 2 = 0.00544 kg H 2 0/kg dry air 

i/ 2 = 0.838 m 3 /kg dry air 

Also, 

h w =h f@ 20 o C = 83.9 kJ/kg (Table A-4) 
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The mass flow rate of air in the room to be replaced is 

. 0 2 (700/60 m 3 /s) , 

m a = — = = 13.93 kg/s 

^2 0.838 m 3 /kg 

The mass flow rate of outside air is 

m out = m out (1 + co x ) = (13.93 kg/s)(l + 0.0160) = 14.15 kg/s = 50,940 kg/h 

(c) Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section, 
Water Mass Balance : 


Tm wJ = Tm we >m aX Q) x =m a2 a> 2 +m w 

=rh a (co i -co 2 ) 

Substituting, 

m w = m a (co x — co 2 ) = (13.93 kg/s)(0.0160 - 0.00544) = 0.147 kg/s = 8.83 kg/min 



Noting that the cooling water absorbs this heat, the mass flow rate of cooling water is determined from 
m a (h x -h 2 )~ m w h w = m cw c pw AT cw 

m a (h x -h 2 )-m w h w 

m cw = 7 ^ 

C pw^^cw 

_ (13.93 kg/s)(71.2 - 33.9) kJ/kg - (0.147 kg/s)(83.9 kJ/kg) 

= (4.18 kJ/kg • °C)(15°C) 

= 8.08 kg/s 

= 485 kg/min 
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14-144 Air is cooled, dehumidified and heated at constant pressure. The system hardware and the psychrometric diagram 
are to be sketched and the heat transfer is to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process ( m aX = rh a2 = rh a ) . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 

negligible. 

Analysis (a) The schematic of the cooling and dehumidifaction process and the the process on the psychrometric chart are 
given below. The psychrometric chart is obtained from the Property Plot feature of EES. 



Condensate 

removal 


7>30°C 

0i=6O% 



(b) The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of the air 
at the inlet and exit states are determined from the psychrometric chart (Figure A- 3 1 or EES) to be 

T dp = 21 ,4°C 

h x = 11 .2 kJ/kg dry air 

<o x = 0.0 1 60 kg H 2 O/kg dry air 

c/j = 0.881 m 3 /kg dry air 
and 

T 2 =14.3°C 
(j) 2 =0.50 

h 2 =21 A kJ/kg dry air 

co 2 = 0.00504 kg H 2 O/kg dry air 
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Also, 

h w = hy @4 o C =16.8 kJ/kg (Table A-4) 

The volume flow rate at the inlet is 

t \ =m a v j =(100/60kg/s)(0.881m 3 /kg)=1.47m 3 /s 

(c) Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section, 
Water Mass Balance : 


^ m we >m al w l =m a2 co 2 +m w 


m w =m a (w l -( 0 2 ) 


Energy Balance : 


^in ^out 






__ a/ 7 ( stead y) _ n 

— AAi^ system — U 

- k 

^out 

= Qout +^ m e h e 

= - (m a2 h 2 + m w h w ) 

= m a (h l -h 2 )-?h w h w 
= m a (/zj - /z 2 ) - m a (©! - ® 2 )/z M , 


Substituting, 

Gout = '»« [( /! 1 -h 2 )~ (CO 1 - J 

= (100/60 kg/s)(71.2 - 27.1) kJ/kg - (0.0160 - 0.00504)(16.8 kJ/kg) 

= 73.2 kW 
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14-145 Waste heat from the cooling water is rejected to air in a natural-draft cooling tower. The mass flow rate of the 
cooling water, the volume flow rate of air, and the mass flow rate of the required makeup water are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential 
energy changes are negligible. 4 The cooling tower is adiabatic. 


Analysis ( a ) The mass flow rate of dry air through the tower remains constant (fn aX - m a2 = rh a ) , but the mass flow rate of 
liquid water decreases by an amount equal to the amount of water that vaporizes in the tower during the cooling process. 
The water lost through evaporation is made up later in the cycle using water at 30°C. Applying the mass balance and the 
energy balance equations yields 



0 

AIR 

INLET 

T db = 23°C 
T wb = 16°C 


Solving for m a , 


(h 2 -h x )-(co 2 -co x )h 4 

From the psychrometric chart (Fig. A-31 or EES), 

h x = 44.67 kJ/kg dry air 

co x = 0.008462 kg H 2 0/kg dry air 

</ x = 0.8504 m 3 /kg dry air 
and 

h 2 = 1 10.69 kJ/kg dry air 
co 2 = 0.03065 kg H 2 0/kg dry air 


From Table A-4, 

h 3 =h f@42 o C = 175.90 kJ/kg H 2 0 
h 4 = h f @ 3o°c = 125.74 kJ/kg H 2 0 

Substituting 

m 3 ( 175.90 - 125.74)kJ/kg A , nQQ . 

m n = 1 = 0.7933ra 3 

(1 10.69 - 44.67) kJ/kg - (0.03065 - 0.008462)(125.74) kJ/kg 


The mass flow rate of the cooling water is determined by applying the steady flow energy balance equation on the cooling 
water, 
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Q waste = rh 3 h 3 -(m 3 -m mdkeup )h 4 = m 3 h 3 ~[m 3 -rh a (co 2 -co x )]h 4 
= m 3 h 3 - m 3 [1 - 0.7933(0.03065 - 0.008462)]/z 4 
= m 3 ( h 3 - 0.9824 h 4 ) 

70,000 kJ/s = m 3 (175.90- 0.9824 x 125.74) kJ/kg >m 3 =1337 kg/s 

and 

m a = 0.7933m 3 - (0.7933)(1337 kg/s) = 1061 kg/s 

(b) Then the volume flow rate of air into the cooling tower becomes 

C \ =m a v i =(1061kg/s)(0.8504m 3 /kg) = 902 m 3 /s 

(c) The mass flow rate of the required makeup water is determined from 

^makeup = ^ a (^2 “ ) = (1061 kg/s)(0. 03065 - 0.008462) = 23.5 kg/s 
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14-146 



Problem 14-145 is reconsidered. The effect of air inlet wet-bulb temperature on the required air volume flow 


rate and the makeup water flow rate is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

P_atm =101.325 [kPa] 

T_db_1 = 23 [C] 

T_wb_1 = 1 6 [C] 

T_db_2 = 32 [C] 

RH_2 = 100/100 "%. relative humidity at state 2, saturated condition" 

Q_dot_ waste = 70 [MW]*Convert(MW, kW) 

T_cw_3 = 42 [C] "Cooling water temperature at state 3" 

T_cw_4 = 30 [C] "Cooling water temperature at state 4" 

"Dry air mass flow rates:" 

"RH_1 is the relative humidity at state 1 on a decimal basis" 

v_1=V0LUME(AirH20,T=T_db_1 ,P=P_atm,R=RH_1) 

T_wb_1 = WETBULB(AirH20,T=T_db_1 ,P=P_atm,R=RH_1) 
mdotal = Vol_dot_1/v_1 

"Conservaton of mass for the dry air (ma) in the SSSF mixing device:" 

m dot a in - mdotaout = D E LTAmd ot a cv 

mdotain = mdotal 

mdotaout = m_dot_a_2 

DELTAm_dot_a_cv = 0 "Steady flow requirement" 

"Conservation of mass for the water vapor (mv) and cooling water for the SSSF process:" 

m dot w in - m dot w out = D E LTAm d ot w cv 

m_dot_w_in = mdotvl + mdotcw3 

mdotwout = m_dot_v_2+m_dot_cw_4 

DELTAm_dot_w_cv = 0 "Steady flow requirement" 

w_1=HUMRAT(AirH20,T=T_db_1 ,P=P_atm,R=RH_1) 

mdotvl = m_dot_a_1*w_1 

w_2=HUMRAT(AirH20,T=T_db_2,P=P_atm,R=RH_2) 
m_dot_v_2 = m_dot_a_2*w_2 

"Conservation of energy for the SSSF cooling tower process:" 

"The process is adiabatic and has no work done, ngelect ke and pe" 

E_dot_in_tower - E_dot_out_tower = DELTAE_dot_tower_cv 
E_dot_in_tower= m dot a l *h[1] + m_dot_cw_3*h_w[3] 

Edotouttower = m_dot_a_2*h[2] + md otc w4 * hw [4] 

DELTAE_dot_tower_cv = 0 "Steady flow requirement" 
h[1]=ENTHALPY(AirH20,T=T_db_1 ,P=P_atm,w=w_1) 
h[2]=ENTHALPY(AirH20,T=T_db_2,P=P_atm,w=w_2) 
h_w[3]=ENTHALPY(steam,T=T_cw_3,x=0) 
h_w[4]=ENTHALPY(steam,T=T_cw_4,x=0) 


"Energy balance on the external heater determines the cooling water flow rate:" 
E_dot_in_heater - E_dot_out_heater = DELTAE_dot_heater_cv 
E_dot_in_heater = Q_dot_waste + m_dot_cw_4*h_w[4] 

E dot out heater = m dot cw j * h w[3] 

DELTAE_dot_heater_cv = 0 "Steady flow requirement" 

"Conservation of mass on the external heater gives the makeup water flow rate." 

"Note: The makeup water flow rate equals the amount of water vaporized in the cooling tower." 
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m_dot_cw_in - mdotcwout = D E LT Am d ot cw cv 
mdotcwin = mdotcwj + mdotmakeup 
mdotcwout = mdotcwj 
DELTAm_dot_cw_cv = 0 "Steady flow requirement" 


Twbl 

[C] 

Voh 

[m 3 /sl 

^makeup 

[kgw/s] 

rricw3 

[kgw/s] 

m a i 

[kga/s] 

14 

828.2 

23.84 

1336 

977.4 

15 

862.7 

23.69 

1336 

1016 

16 

901.7 

23.53 

1337 

1060 

17 

946 

23.34 

1337 

1110 

18 

996.7 

23.12 

1338 

1168 

19 

1055 

22.87 

1338 

1234 

20 

1124 

22.58 

1339 

1312 

21 

1206 

22.23 

1340 

1404 

22 

1304 

21.82 

1341 

1515 

23 

1424 

21.3 

1342 

1651 
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14-147 An uninsulated tank contains moist air at a specified state. Water is sprayed into the tank until the relative humidity 
in the tank reaches a certain value. The amount of water supplied to the tank, the final pressure in the tank, and the heat 
transfer during the process are to be determined. 

Assumptions 1 Dry air and water vapor are ideal gases. 2 The kinetic and potential energy changes are negligible. 

Analysis The initial state of the moist air is completely specified. The properties of the air at the inlet state may be 
determined from the psychrometric chart (Figure A-31) or using EES psychrometric functions to be (we used EES) 

h x = 49. 16 kJ/kg dry air, co x = 0.005433 kg H 2 0/kg dry air 

v x = 0.6863 m /kg dry air 


The initial mass in the tank is 


171 = 


0.5 m 3 
0.6863 m 


= 0.7285 kg 


The partial pressure of dry air in the tank is 

n m a R a T 2 (0.7285 kg)(0.287 kJ/kg.K)(35 + 273 K) 


Pa2 = 


(0.5 nr ) 


= 128.8 kPa 


Then, the pressure of moist air in the tank is determined from 


Pi = Pal 1 + 


0.622 


= (128.8 kPa) 1 + 


0.622 


We cannot fix the final state explicitly by a hand-solution. However, using EES which has built-in functions for moist air 
properties, the final state properties are determined to be 

P 2 = 1 33.87 kPa a> 2 = 0.02446 kg H 2 0/kg dry air 

h 2 = 97.97 kJ/kg dry air t/ 2 = 0.6867 m 3 / kg dry air 

The partial pressures at the initial and final states are 

P v i =^P sa t@ 35 °c = 0.20(5.6291 kPa) = l. 126 kPa 
P aX =P x ~P vX = 130-1.126 = 128.87 kPa 
P v2 =P 2 ~P a2 = 133.87-128.81 = 5.07 kPa 
The specific volume of water at 35°C is 

v wl = v w2 = @35°C = 25 - 205 m 3/k g 

The internal energies per unit mass of dry air in the tank are 

u x =h x - P aX v x -w x P vX v wX = 49. 16 - 128.87 x 0.6863 - 0.005433 x 1 .126 x 25.205 = -39.44 kJ/kg 

u 2 =h 2 -P a2 c/ 2 -w 2 P v2 v w2 = 97.97 - 128.81 x 0.6867 - 0.02446 x 5.07 x 25.205 = 6.396 kJ/kg 
The enthalpy of water entering the tank from the supply line is 
h w \ = @ 50 °c = 209.34 kJ/kg 

The internal energy of water vapor at the final state is 
u w 2 = @ 35 °c = 2422.7 kJ/kg 

The amount of water supplied to the tank is 

m w = m a (co 2 — co x ) = (0.7285 kg)(0.02446 - 0.005433) = 0.01 386 kg 
An energy balance on the system gives 

E Xn = A£ tank 

Qm + m w h w l =m a (u 2 —u l ) + m w u w2 

Q in + (0.01386 kg)(209.34 kJ/kg) = (0.7285 kg)[6.396-(-39.44)kJ/kg]+ (0.01386 kg)(2422.7 kJ/kg) 

Gi„ = 64.1 kJ 
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14-148 A room is filled with saturated moist air at 25°C and a total pressure of 100 kPa. If the mass of dry air in the room is 
100 kg, the mass of water vapor is 

(a) 0.52 kg (b) 1.97 kg (c) 2.96 kg (d) 2.04 kg (e) 3.17 kg 

Answer (d) 2.04 kg 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T1=25 "C" 

P=1 00 "kPa" 
m_air=100 "kg" 

RH=1 

P_g=PRESSURE(Steam_IAPWS,T=T1 ,x=0) 

RH=P_v/P_g 

P_air=P-P_v 

w=0.622*P_v/(P-P_v) 

w=m_v/m_air 

"Some Wrong Solutions with Common Mistakes:" 

W1_vmass=m_air*w1 ; w1=0.622*P_v/P "Using P instead of P-Pv in w relation" 
W2_vmass=m_air "Taking m_vapor = m_air" 

W3_vmass=P_v/P*m_air "Using wrong relation" 


14-149 A room contains 65 kg of dry air and 0.6 kg of water vapor at 25°C and 90 kPa total pressure. The relative humidity 
of air in the room is 

(a) 3.5% (b) 41.5% (c) 55.2% (d) 60.9% (e) 73.0% 

Answer (b) 41 .5% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T1=25 "C" 

P=90 "kPa" 
m_air=65 "kg" 
m_v=0.6 "kg" 
w=0.622*P_v/(P-P_v) 
w=m_v/m_air 

P_g=PRESSURE(Steam_IAPWS,T=T1 ,x=0) 
RH=P_v/P_g 


"Some Wrong Solutions with Common Mistakes:" 
W1_RH=m_v/(m_air+m_v) "Using wrong relation" 
W2_RH=P_g/P "Using wrong relation" 
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o _ 

14-150 A 40-m room contains air at 30°C and a total pressure of 90 kPa with a relative humidity of 75 percent. The mass 
of dry air in the room is 

(a) 24.7 kg (b) 29.9 kg (c) 39.9 kg (d) 41.4 kg (e) 52.3 kg 

Answer (c) 39.9 kg 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


V=40 "m A 3" 

T1=30 "C" 

P=90 "kPa" 

RH=0.75 

P_g=PRESSURE(SteamJAPWS,T=T1 ,x=0) 

RH=P_v/P_g 
P_air=P-P_v 
R_air=0.287 "kJ/kg.K" 
m_air=P_air*V/(R_air*(T 1 +273)) 

"Some Wrong Solutions with Common Mistakes:" 
W1_mass=P_air*V/(R_air*T1 ) "Using C instead of K" 
W2_mass=P*V/(R_air*(T 1 +273)) "Using P instead of P_air" 
W3_mass=m_air*RH "Using wrong relation" 


14-151 A room contains air at 30°C and a total pressure of 96.0 kPa with a relative humidity of 75 percent. The partial 
pressure of dry air is 

(a) 82.0 kPa (b) 85.8 kPa (c) 92.8 kPa (d)90.6kPa (e)72.0kPa 

Answer (c) 92.8 kPa 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T1=30 "C" 

P=96 "kPa" 

RH=0.75 

P_g=PRESSURE(Steam_IAPWS,T=T1 , x =0) 

RH=P_v/P_g 

P_air=P-P_v 

"Some Wrong Solutions with Common Mistakes:" 
W1_Pair=P_v "Using Pv as P_air" 
W2_Pair=P-P_g "Using wrong relation" 
W3_Pair=RH*P "Using wrong relation" 
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14-152 The air in a house is at 25°C and 65 percent relative humidity. Now the air is cooled at constant pressure. The 
temperature at which the moisture in the air will start condensing is 


14-110 


(a) 7.4°C (b) 16.3°C (c) 18.0°C (d) 11.3°C (e) 20.2°C 

Answer (c) 18.0°C 


Solution Solved by EES Software. Solutions can be verified by copying- and-pas ting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T1=25 "C" 

RH1=0.65 

P_g=PRESSURE(Steam_IAPWS,T=T1 ,x=0) 

RH1=P_v/P_g 

T_dp=TEMPERATURE(Steam_IAPWS,x=0,P=P_v) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Tdp=T1*RH1 "Using wrong relation" 

W2_Tdp=(T 1 +273)*RH1 -273 "Using wrong relation" 

W3_Tdp=WETBULB(AirH20,T=T1 ,P=P1 ,R=RH1 ); PI =1 00 "Using wet-bulb temperature" 


14-153 On the psychrometric chart, a cooling and dehumidification process appears as a line that is 

(a) horizontal to the left, 

(b) vertical downward, 

(c) diagonal upwards to the right (NE direction) 

(d) diagonal upwards to the left (NW direction) 

(e) diagonal downwards to the left (SW direction) 

Answer (e) diagonal downwards to the left (SW direction) 


14-154 On the psychrometric chart, a heating and humidification process appears as a line that is 

(a) horizontal to the right, 

(b) vertical upward, 

(c) diagonal upwards to the right (NE direction) 

(d) diagonal upwards to the left (NW direction) 

(e) diagonal downwards to the right (SE direction) 

Answer (c) diagonal upwards to the right (NE direction) 
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14-155 An air stream at a specified temperature and relative humidity undergoes evaporative cooling by spraying water into 
it at about the same temperature. The lowest temperature the air stream can be cooled to is 

(a) the dry bulb temperature at the given state 

(b) the wet bulb temperature at the given state 

(c) the dew point temperature at the given state 

(d) the saturation temperature corresponding to the humidity ratio at the given state 

(e) the triple point temperature of water 

Answer (a) the dry bulb temperature at the given state 


14-156 Air is cooled and dehumidified as it flows over the coils of a refrigeration system at 85 kPa from 35°C and a 
humidity ratio of 0.023 kg/kg dry air to 15°C and a humidity ratio of 0.015 kg/kg dry air. If the mass flow rate of dry air is 
0.4 kg/s, the rate of heat removal from the air is 

(a) 4 kJ/s (b) 8 kJ/s (c) 12 kJ/s (d) 16 kJ/s (e) 20 kJ/s 

Answer (d) 16 kJ/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P=85 "kPa" 

T1=35 "C" 

wl =0.023 

T2=15 "C" 

w2=0.015 

m_air=0.4 "kg/s" 

m_water=m_air*(w1 -w2) 

h1=ENTHALPY(AirH20,T=T1 ,P=P,w=w1 ) 

h2=ENTHALPY(AirH20,T=T2,P=P,w=w2) 

h_w=ENTHALPY(Steam_IAPWS,T=T2,x=0) 

Q=m_air*(h1 -h2)-m_water*h_w 

"Some Wrong Solutions with Common Mistakes:" 

W1_Q=m_air*(h1-h2) "Ignoring condensed water" 

W2__Q=m_air*Cp_air*(T1-T2)-m_water*h_w; Cp_air = 1 .005 "Using dry air enthalpies" 
W3_Q=m_air*(h1-h2)+m_water*h_w "Using wrong sign" 
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14-157 Air at a total pressure of 90 kPa, 15°C, and 75 percent relative humidity is heated and humidified to 25 °C and 75 
percent relative humidity by introducing water vapor. If the mass flow rate of dry air is 4 kg/s, the rate at which steam is 
added to the air is 

(a) 0.032 kg/s (b) 0.013 kg/s (c) 0.019 kg/s (d) 0.0079 kg/s (e)0kg/s 

Answer (a) 0.032 kg/s 


Solution Solved by EES Software. Solutions can be verified by copying- and-pas ting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P=90 "kPa" 

T 1 =1 5 "C" 

RH1 =0.75 
T2=25 "C" 

RH2=0.75 
m_air=4 "kg/s" 

wl =HUMRAT(AirH20,T=T1 ,P=P,R=RH1 ) 
w2=HUMRAT(AirH20,T=T2,P=P,R=RH2) 
m_water=m_air*(w2-w1 ) 

"Some Wrong Solutions with Common Mistakes:" 
W1_mv=0 "sine RH = constant" 

W2_mv=w2-w1 "Ignoring mass flow rate of air" 
W3_mv=RH1*m_air "Using wrong relation" 


14-158 ■■■ 14-162 Design and Essay Problems 
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Chapter 15 

CHEMICAL REACTIONS 


PROPRIETARY AND CONFIDENTIAL 


This Manual is the proprietary property of The McGraw-Hill Companies, Inc. (“McGraw-Hill”) and 
protected by copyright and other state and federal laws. By opening and using this Manual the user 
agrees to the following restrictions, and if the recipient does not agree to these restrictions, the Manual 
should be promptly returned unopened to McGraw-Hill: This Manual is being provided only to 
authorized professors and instructors for use in preparing for the classes using the affiliated 
textbook. No other use or distribution of this Manual is permitted. This Manual may not be sold 
and may not be distributed to or used by any student or other third party. No part of this 
Manual may be reproduced, displayed or distributed in any form or by any means, electronic or 
otherwise, without the prior written permission of McGraw-Hill. 
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15-2 


Fuels and Combustion 


15-1C Nitrogen, in general, does not react with other chemical species during a combustion process but its presence affects 
the outcome of the process because nitrogen absorbs a large proportion of the heat released during the chemical process. 


15-2C Moisture, in general, does not react chemically with any of the species present in the combustion chamber, but it 
absorbs some of the energy released during combustion, and it raises the dew point temperature of the combustion gases. 


15-3 C The number of atoms are preserved during a chemical reaction, but the total mole numbers are not. 


15-4C Air-fuel ratio is the ratio of the mass of air to the mass of fuel during a combustion process. Fuel-air ratio is the 
inverse of the air- fuel ratio. 


15-5C No. Because the molar mass of the fuel and the molar mass of the air, in general, are different. 


15-6C The dew-point temperature of the product gases is the temperature at which the water vapor in the product gases 
starts to condense as the gases are cooled at constant pressure. It is the saturation temperature corresponding to the vapor 
pressure of the product gases. 


15-7 Sulfur is burned with oxygen to form sulfur dioxide. The minimum mass of oxygen required and the mass of sulfur 
dioxide in the products are to be determined when 1 kg of sulfur is burned. 

Properties The molar masses of sulfur and oxygen are 32.06 kg/kmol and 32.00 kg/kmol, respectively (Table A-l). 
Analysis The chemical reaction is given by 

s+o 2 — >so 2 

Hence, lkmol of oxygen is required to bum 1 kmol of sulfur which 
produces 1 kmol of sulfur dioxide whose molecular weight is 

M S02 =M s + M 02 = 32.06 + 32.00 = 64.06 kg/kmol 

Then, 

= N 02 M 02 = (1 kmol)(32 kg/kmol) = ^ kg g 

ra s N S M S (1 kmol) (3 2. 06 kg/kmol) 

and 

= ^ 0^802 = (1 kmol )( 64. 06 kg/kmol) = ^ ^ g 

m s N S M S (1 kmol)(32. 06 kg/kmol) 
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15-8E Methane is burned with diatomic oxygen. The mass of water vapor in the products is to be determined when 1 lbm of 
methane is burned. 

Properties The molar masses of CH 4 , 0 2 , C0 2 , and H 2 0 are 16, 32, 44, 
and 18 lbm/lbmol, respectively (Table A- IE). 

Analysis The chemical reaction is given by 
CH 4 +20 2 >C0 2 +2H 2 0 

Hence, for each lbmol of methane burned, 2 lbmol of water vapor are formed. Then, 

^ , (2 lbmdKlS lbm/lbmol) _ ^ |bm Hj0;|bm CH 

m c H 4 N CH4 M CH4 (1 lbmol)(l 6 lbm/lbmol) 


CH 4 +20 2 
— » C0 2 +2H 2 0 
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15-4 


Theoretical and Actual Combustion Processes 


15-9C It represent the amount of air that contains the exact amount of oxygen needed for complete combustion. 


15-10C No. The theoretical combustion is also complete, but the products of theoretical combustion does not contain any 
uncombined oxygen. 


15-11C Case (b). 


15-12C The causes of incomplete combustion are insufficient time, insufficient oxygen, insufficient mixing, and 
dissociation. 


15-13C CO. Because oxygen is more strongly attracted to hydrogen than it is to carbon, and hydrogen is usually burned to 
completion even when there is a deficiency of oxygen. 
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15-14 Propane is burned with theoretical amount of air. The mass fraction of carbon dioxide and the mole and mass 
fractions of the water vapor in the products are to be determined. 

Properties The molar masses of C 3 H 8 , 0 2 , N 2 , C0 2 , and H 2 0 are 44, 32, 28, 44, and 18 kg/kmol, respectively (Table A-l). 
Analysis (a) The reaction in terms of undetermined coefficients is 


C 3 H 8 + *(0 2 +3.76N 2 ) > yCO 2 + zH 2 O + pN 

Balancing the carbon in this reaction gives 

y = 3 

and the hydrogen balance gives 

2 z = 8 > z = 4 

The oxygen balance produces 


2 


c 3 H 8 


Air 

► 

100% theoretical 


Combustion 

chamber 


C0 2 , H 2 0, n 2 

— ► 


2x = 2y + z >* = y + z/ 2 = 3 + 4/ 2 = 5 

A balance of the nitrogen in this reaction gives 


2x3.76* = 2 p > p = 3.76* = 3.76x5 = 18.8 

In balanced form, the reaction is 


C 3 H 8 +50 2 +18.8N 2 


->3C0 2 + 4H 2 0 + 18.8N 2 


The mass fraction of carbon dioxide is determined from 

C02 N C02 M C02 


mf 


m 


C02 


^ products ^C02^ C02 + ^H20^H20 + ^N2^N2 

(3 kmol)(44 kg/kmol) 

(3 kmol)(44 kg/kmol) + (4 kmol)(l 8 kg/kmol) + (18.8 kmol)(28 kg/kmol) 

132 = 0.181 


730.4 kg 

( b ) The mole and mass fractions of water vapor are 

N mo N mo 


4 kmol 


4 kmol 


y H20 


products N C02 + ^H20 + N 


N2 


3 kmol + 4 kmol + 18.8 kmol 25.8 kmol 


0.155 


mf 


m 


H20 


N mo M mo 


H20 


^ products 


^002^ COI 


+ N mo M mo 


+ A N 2^N2 


(4 kmol)(l 8 kg/kmol) 


(3 kmol)(44 kg/kmol) + (4 kmol)(18 kg/kmol) + (18.8 kmol)(28 kg/kmol) 
72 kg 


730.4 kg 


= 0.0986 
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15-15 Methane is burned with air. The mass flow rates at the two inlets are to be determined. 

Properties The molar masses of CH 4 , 0 2 , N 2 , C0 2 , and H 2 0 are 16, 32, 28, 44, and 18 kg/kmol, respectively (Table A-l). 
Analysis The stoichiometric combustion equation of CH 4 is 


CH 4 +fl th [o 2 +3.76N 2 ] >CO, +2H 2 0 + 3.76a th N 2 


0 2 balance: a th =l + l > a th = 2 

Substituting, CH 4 +2[0 2 +3.76N 2 ] >C0 2 +2H 2 0 + 7.52N 2 

The masses of the reactants are 

m CH 4 - ^ch 4 ^ch 4 = (1 kmol)( 1 6 kg/kmol) = 16 kg 
m 0 2 = N q 2 M 02 = (2 kmol)(32 kg/kmol) = 64 kg 
ra N 2 = /V N2 M N2 =(2x3.76kmol)(28kg/kmol) = 211kg 

The total mass is 

W total = m cm + m 02 + ^N2 = 16 + 64 + 21 1 = 291 kg 
Then the mass fractions are 


m ^CH4 - 

mf 02 = 

mf N2 = 


m CH4 
^ total 
m Q2 
m total 

m m 

m total 


16 kg 
291kg 
64 kg 
291kg 
211kg 
291kg 


0.05498 

0.2199 

0.7251 


For a mixture flow of 0.5 kg/s, the mass flow rates of the reactants are 

m CH4 = m ^cm^ 1 = (0.05498)(0.5 kg/s) = 0.02749 kg/s 
m a ir = rh - mcm = 0-5 _ 0.02749 = 0.4725 kg/s 


CH 4 


Air 


Products 

► 


15-16 n-Butane is burned with stoichiometric amount of oxygen. The mole fractions of C0 2 water in the products and the 
mole number of C0 2 in the products per mole of fuel burned are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 and H 2 0. 3 Combustion gases are ideal 
gases. 

Properties The molar masses of C, H 2 , and 0 2 are 12 kg/kmol, 2 kg/kmol, and 32 kg/kmol, respectively (Table A-l). 
Analysis The combustion equation in this case is 


C 4 H 10 +6.50 2 >4C0 2 +5H 2 0 

The total mole of the products are 4+5 = 9 kmol. Then the mole fractions are 
N C0 2 4 kmol 


C 4 H 


4- n 10 


y co2 


^ total 9 kmol 


0.4444 


Jco2= ^ = ii5!2i = 0.5556 


N 


total 


9 kmol 


O: 


Combustion 

chamber 


Products 


Also, A C02 = 4 kmol C0 2 /kmol C 4 H 10 
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15-17 Propane is burned with stoichiometric amount of air. The mass fraction of each product, the mass of water and air per 
unit mass of fuel burned are to be determined. 


Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , 0 2 and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively 
(Table A- 1). 


Analysis The reaction equation for 1 00% theoretical air is 

C 3 H 8 +a t h [0 2 +3.76N 2 ] >BC 0 2 +DH 2 0 + fN 2 

where a± is the stoichiometric coefficient for air. The coefficient a t h 
and other coefficients are to be determined from the mass balances 

Carbon balance: B = 3 


c 3 h 8 


► 

Combustion 

Air 

chamber 

W 

100% 



theoretical 


Products 

— ► 


Hydrogen balance: 2D = 8 > D = 4 

Oxygen balance: 2 a th = 2B + D > a th = 0.5(2 x 3 + 4) = 5 


Nitrogen balance: a th x3.7 6 = E >£’ = 5x3.76 = 18.8 

Substituting, the balanced reaction equation is 

C 3 H 8 +5[o 2 +3.76N 2 ] >3C0 2 +4H 2 0 + 18.8N 2 

The mass of each product and the total mass are 

m c 02 = NccuMcoi = (3 kmol)(44 kg/kmol) = 132 kg 
m H20 = N mo M mo = (4 kmol)( 1 8 kg/kmol) = 72 kg 
m N2 - ^N2^N2 = (18.8 kmol)(2 8 kg/kmol) = 526.4 kg 
m total - m coi + m mo + m N2 = 132 + 72 + 526.4 = 730.4 kg 

Then the mass fractions are 


mf, 


C02 


mf 


H20 


mf N2 = 


m CQ2 
m total 
m H2Q 
^ total 
m N2 
m total 


132 kg 
730.4 kg 
72 kg 

730.4 kg 

526.4 kg 

730.4 kg 


0.1807 

0.0986 

0.7207 


The mass of water per unit mass of fuel burned is 


m H2Q 

m C3H8 


(4xl8)kg = 1 .636 kg H 2 0/kg C 3 H 8 

(lx 44) kg M 2 M 3 8 


The mass of air required per unit mass 

m air _ (5 x 4.76 x 29) kg _ 
m C3H8 ( 1 X 44) kg 


of fuel burned is 

15.69 kg air/kg 


c 3 h 


8 
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15-18 n-Octane is burned with stoichiometric amount of air. The mass fraction of each product, the mass of water in the 
products and the mass fraction of each reactant are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , 0 2 and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively 
(Table A- 1). 

Analysis The reaction equation for 1 00% theoretical air is 

C H 

CgHjg + $ t h [0 2 + 3.76N 2 ] > B C0 2 + T)H 2 0 + E N 2 

where a t h is the stoichiometric coefficient for air. The coefficient a t h ^ir 

and other coefficients are to be determined from the mass balances 100% 

Carbon balance: B = 8 theoretical 

Hydrogen balance: 2D = 18 > D = 9 

Oxygen balance: 2 a th -2 B + D > a th = 0.5(2 x 8 + 9) = 12.5 


Combustion 

chamber 


Products 


Nitrogen balance: a th x 3.76 = E > E = 12.5 x 3.76 = 47 

Substituting, the balanced reaction equation is 

C 8 H 18 +12.5[o 2 +3.76N 2 ] >8C0 2 +9H 2 0 + 47N 2 

The mass of each product and the total mass are 

m c 02 = N 002^002 = (8 kmol)(44 kg/kmol) = 352 kg 
m H20 = N H20 M H20 = (9 kmol)(l 8 kg/kmol) = 1 62 kg 
m N2 = N m M n 2 = (47 kmol)(28 kg/kmol) = 13 16 kg 
'"total = '«C02 + m N2 + "'H20 = 352 + 162 + 1316 = 1830 kg 

Then the mass fractions are 


mf C02 = 
m l*H20 = 
mf N2 = 


m CQ2 
m total 
m H2Q 
^ total 
m N2 
^ total 


352 kg 
1830 kg 
162 kg 
1830 kg 
1316kg 
1830 kg 


0.1923 

0.0885 

0.7191 


The mass of water per unit mass of fuel burned is 


m H2Q 

m C8H18 


(9x18) kg 
(1x114) kg 


= 1.421 kg H 2 0/kgC 8 H 18 


The mass of each reactant and the total mass are 


W C8H18 =A? C8H18 M C8H18 = (1 kmol)(l 14 kg/kmol) = 1 14 kg 
m air = /V air M air = (12.5 x 4.76 kmol)(29 kg/kmol) = 1725.5 kg 

'"total = "'C8H18 + "'air = H4 + 1725.5 = 1839.5 kg 
Then the mass fractions of reactants are 


m fc 8 H 18 _ 



m C8H18 

^ total 


^ total 


114 kg 
” 1839.5 kg 

1725.5 kg _ 

1839.5 kg ~ 


= 0.0620 
0.9380 
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15-19 Acetylene is burned with 10 percent excess oxygen. The mass fractions of each of the products and the mass of 
oxygen used per unit mass of fuel burned are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, and 0 2 . 3 Combustion gases are 
ideal gases. 


Properties The molar masses of C, H 2 , and 0 2 are 12 kg/kmol, 2 kg/kmol, and 32 kg/kmol, respectively (Table A-l). 
Analysis The stoichiometric combustion equation is 


C 2 H 2 + 2.50 2 >2C0 2 +H 2 0 

The combustion equation with 1 0% excess oxygen is 

C 2 H 2 +2.750 2 >2C0 2 +H 2 O + 0.25O 2 


c 2 h 2 

► 

Combustion 
0 2 chamber 


Products 


The mass of each product and the total mass are 

m c 02 = N qq 2 M co 2 = (2 kmol)(44 kg/kmol) = 88 kg 
m H 20 ~^H 20 ^H 20 = (1 kmol)( 1 8 kg/kmol) = 1 8 kg 
m 02 ~ N 02 M 02 = (0.25 kmol)(32 kg/kmol) = 8 kg 

'W total = m C02 + m mo + m 02 = 88 + 18 + 8 = 114 kg 
Then the mass fractions are 


mf, 


m 


C02 


C02 


mf 


88 kg 

'"total 114k S 

"'mo 18 kg 


H20 


mf 02 = 


^ total 
m 02 


114 kg 
8 kg 


= 0.7719 
= 0.1579 
= 0.0702 


'"total 114 k g 

The mass of oxygen per unit mass of fuel burned is determined from 
m 0 2 (2.75x32) kg 


m C2H2 (lx 26) kg 


= 3.385 kg 0 2 /kg C 2 H 2 
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15-20 n-Butane is burned with 100 percent excess air. The mole fractions of each of the products, the mass of carbon 
dioxide in the products per unit mass of the fuel, and the air- fuel ratio are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , 0 2 , and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively 
(Table A- 1). 

Analysis The combustion equation in this case can be written as 

C 4 H 10 +2.0fl th [O 2 +3.76N,] >4C0 2 + 5H 2 0 + 1.0a th O 2 + (2.0 x 3.76)a th N 2 

where a t h is the stoichiometric coefficient for air. We have automatically accounted for the 100% excess air by using the 
factor 2.0a t h instead of a t h for air. The stoichiometric amount of oxygen (a t h0 2 ) will be used to oxidize the fuel, and the 
remaining excess amount (1.0a t hO 2 ) will appear in the products as free oxygen. The coefficient a t h is determined from the 0 2 
balance, 


0 2 balance: 2.0a th = 4 + 2.5 + 1.0rq h 

Substituting, C 4 H 10 + 13[0 2 + 3.76N 2 ] — 
The mole fractions of the products are 

N m = 4 + 5 + 6.5 + 48.88 = 64.38 kmol 


y co2 

3 7 H20 
^02 
y N2 


N 


C02 


N 


m 


N 


H20 


N 


m 


N 


02 


N 


m 


N 


N2 


N 


m 


4 kmol 
64.38 kmol 

5 kmol 
64.38 kmol 
6.5 kmol 

64.38 kmol 
48.88 kmol 
64.38 kmol 


= 0.0621 
= 0.0777 
0.1010 
= 0.7592 


» a th = 6.5 

— >4C0 2 +5H 2 0 + 6.50 2 + 48.88N 2 


c 4 h 10 

► 

Air 

► 

1 00% excess 


Products 


The mass of carbon dioxide in the products per unit mass of fuel burned is 


m CQ2 

m C4H10 


(4 x 44) kg = 3.034 kg C0 2 /kg C 4 H 10 

(1 x 58) kg a 2 a 4 10 


The air- fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel, 

(13 x 4.76 kmol)(29 kg/kmol) 


AF = 


m 


m 


air 


fuel 


(1 kmol)(58 kg/kmol) 


= 30.94 kg air/kg fuel 
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15-21 n-Octane is burned with 50 percent excess air. The mole fractions of each of the products, the mass of water in the 
products per unit mass of the fuel, and the mass fraction of each reactant are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , 0 2 , and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively 
(Table A- 1). 

Analysis The combustion equation in this case can be written as 

C 8 H 18 +1.5<3 th [0 2 +3.76N 2 ] >8C0 2 + 9H 2 0 + 0.5<2 th O 2 + (1.5 x 3.76)<z th N 2 

where a t h is the stoichiometric coefficient for air. We have automatically accounted for the 50% excess air by using the 
factor 1.5<z t h instead of a t h for air. The stoichiometric amount of oxygen (a t h0 2 ) will be used to oxidize the fuel, and the 
remaining excess amount (0.5a t hO 2 ) will appear in the products as free oxygen. The coefficient a t h is determined from the 0 2 
balance, 


0 2 balance: 1 .5 a th = 8 + 4.5 + 0.5a th > a th = 12.5 

Substituting, C 8 H 18 +18.75[0 2 +3.76N 2 ] >8C0 2 +9H 2 0 + 6.250 2 +70.5N 2 

The mass of each product and the total mass are 


CsH 


'»c 02 = N C02 M C02 = (8 kmol)(44 kg/kmol) = 352 kg 
'“mo = N mo M mo = (9 kmol)( 18 kg/kmol) = 162 kg 
m 0 2 = N qjM 02 = (6.25 kmol)(3 2 kg/kmol) = 200 kg 


8-^18 


50% excess 



N2 = /V N2 M N2 = (70.5 kmol)(28 kg/kmol) = 1974 kg 
ra t otai = m coi + m H20 + m 02 + m N2 = 352 + 162 + 200 + 1974 = 2688 kg 

Then the mass fractions are 


m ^C02 

m ^H20 

mf 02 

mf N2 


_ m co 2 _ 352 kg n 1 qin 

^ total 2688 kg 

= H^Q.= 162 k § = 0.Q603 

'“total 2688 k S 

= ^ = 200 kg =0J744 

'“total 2688 kg 

= _^N2_ = 1974 kg = Q_ 7344 

'“total 2688 kg 


The mass of water per unit mass of fuel burned is 


m H2Q 

m C8H18 


(9x18) kg 
(1x114) kg 


= 1.421 kg H 2 0/kg 


c 8 h 


18 


The mass of each reactant and the total mass are 


'“C8H18 =^C8H18 M C8H18 = (1 kmol)(l 14 kg/kmol) = 1 14 kg 
m air = A air M air = (17.75 x 4.76 kmol)(29 kg/kmol) = 2588 kg 

'“total = '“C8H18 + '“air = 1 14 + 2588 = 2702 kg 
Then the mass fractions of reactants are 


mf, 


C8H18 


mf air 


= '“c8Hi8 = 114 kg = q q 422 
'“total 2702 kg 
= m^ = 2588 kg =a9578 
'“total 2702 kg 
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15-22 Ethyl alcohol is burned with 70% excess air. The mole fractions of the products and the reactants, the mass of water 
and oxygen in products per unit mass of fuel are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , CO, H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , 0 2 , N 2 and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol, 
respectively (Table A-l). 

Analysis The reaction with stoichiometric air is 


C 2 H 5 OH + a, h [0 2 +3.76N 2 ] >2C0 2 + 3H 2 0 + a, h x 3.76 N 2 

where 0.5 + a th = 2 + 1.5 >a th = 3 

Substituting, 

C 2 H 5 0H + 3[0 2 +3.76N 2 ] >2C0 2 + 3H 2 0 + 3 x 3.76 N 2 

The reaction with 70% excess air can be written as 


C 2 H 5 OH 

► 

Air 

► 

70% excess 


Combustion 

chamber 


co 2 , h 2 o, 

0 2 , n 2 


C 2 H 5 0H + 1.7x 3[0 2 +3.76N 2 ] >2C0 2 + 3H 2 0 + *0 2 + 1.7x3x3.76N 2 

The coefficient x is determined from 0 2 balance: 


0.5 + 1.7x3 = 2 + 1.5 + jc 


->x = 2.1 


Then, C 2 H 5 OH + 5.l[0 2 +3.76N 2 ] >2C0, + 3 H 2 0 + 2.1 0 2 + 19.18 N 2 

The total moles of the products is 

N m = 2 + 3 + 2.1 + 19.18 = 26.28 kmol 
The mole fractions of the products are 


N 


y co2 

y H20 

y 02 

fN2 = 


C02 


2 kmol 


N 


m 


N 


H20 


N 


m 


N 


02 


26.28 kmol 
3 kmol 
26.28 kmol 
2.1 kmol 


= 0.0761 
= 0.1142 


N 


N 


m 


N2 


26.28 kmol 
19. 18 kmol 


= 0.0799 
= 0.7298 


N m 26.28 kmol 
The total moles of the reactants is 

N m =1 + 5.1 x 4.76 = 25.28 kmol 
The mole fractions of the reactants are 


N 


y C2H50H ~ 


C2H5QH 

N 


1 kmol 


m 


25.28 kmol 


0.0396 


= A+ = (5-1x4.76) kmol =Q9603 
Jair N m 25.28 kmol 

The mass of water and oxygen in the products per unit mass of fuel burned is 
'»H20 (3x1 8) kg 


'»C2H50H (! x 46) kg 


= 1.174 kg H 2 0/kg C 2 H 5 OH 


m 


02 (2. lx 32) kg 


'»C2H50H (! x 46) kg 


1.461 kg 0 2 /kgC 2 H 5 0H 
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15-23 Ethyl alcohol is burned with 70% excess air. The air- fuel ratio is to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , CO, H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , 0 2 , N 2 and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol, 
respectively (Table A-l). 

Analysis The reaction with stoichiometric air is 

C 2 H 5 OH + a th [0 2 + 3.76N 2 ] >2 C0 2 + 3H 2 0 + a th x 3.76 N 2 

where C 2 H 5 OH 

0.5 + a th =2 + 1.5 >a th = 3 Air 

Substituting, 


Combustion 

chamber 


co 2 , h 2 o, 

o 2 , n 2 


70% excess 

C 2 H 5 0H + 3[0 2 +3.76N 2 ] >2C0 2 + 3H 2 0 + 3 x 3.76 N 2 

The reaction with 70% excess air can be written as 

C 2 H 5 OH + 1.7 x 3 [o 2 + 3.76N 2 ] >2C0 2 +3H 2 0 + x0 2 + 1.7 x 3 x 3.76 N 2 

The coefficient x is determined from 0 2 balance: 


0.5 + 1.7 x 3 = 2 + 1.5 + v > x = 2.1 


Then, 


C 2 H 5 0H + 5.l[0 2 +3.76N 2 ] >2C0 2 +3H 2 0 + 2.10 2 +19.18N 2 

The air-fuel mass ratio is 

m air (5. lx 4.76x29) kg 704.0kg 


AF = 


m 


fuel 


( 1 x 46) kg 


46 kg 


15.30 kg air/kg fuel 


15-24 Gasoline is burned steadily with air in a jet engine. The AF ratio is given. The percentage of excess air used is to be 
determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, and N 2 only. 

Properties The molar masses of C, H 2 , and air are 12 kg/kmol, 2 kg/kmol, and 29 kg/kmol, respectively (Table A-l). 
Analysis The theoretical combustion equation in this case can be written as 

C 8 H 18 + a th [0 2 + 3.76N 2 ] >8C0 2 + 9H 2 0 + 3.76a th N 2 

where a t h is the stoichiometric coefficient for air. It is determined from 


Gasoline 


(C 8 H 18 ) 


0 2 balance: 


a fa — 8 + 4.5 


-» a = 12.5 



Products 

► 


The air- fuel ratio for the theoretical reaction is determined by taking the ratio of the mass of the air to the mass of the fuel 
for, 


AF th = 


^air,th (l2.5 x 4.76 kmol)(29 kg/kmol) 


m fuei (8 kmol)(l2 kg/kmol) +(9 kmol)(2 kg/kmol) 
Then the percent theoretical air used can be determined from 


= 15.14 kg air/kg fuel 


Percent theoretical air = 


AF act 1 8 kg air/kg fuel 


AF th 1 5 . 1 4 kg air/kg fuel 


= 119% 
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15-25E Ethylene is burned with 175 percent theoretical air during a combustion process. The AF ratio and the dew-point 
temperature of the products are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, 0 2 , and N 2 only. 3 Combustion 
gases are ideal gases. 

Properties The molar masses of C, H 2 , and air are 12 lbm/lbmol, 2 lbm/lbmol, and 29 lbm/lbmol, respectively (Table A- 
IE). 

Analysis (a) The combustion equation in this case can be written as 

C 2 H 4 +1.75a th [0 2 +3.76N,] >2C0 2 +2H 2 O + 0.75a th O 2 +(1.75x3.76)a th N 2 


where a t h is the stoichiometric coefficient for air. It is determined 
from 

0 2 balance: 1.75 a th = 2 + 1 + 0. 75a th > a th =3 

Substituting, 


C 2 H 4 


175% ► 

theoretical air 


Products 

► 


C 2 H 4 +5.25[o 2 +3.76N,] >2C0 2 + 2H 2 0 + 2.250 2 +19.74N, 


The air- fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel, 
air (5.25 x 4.76 lbmol)(29 lbm/lbmol) 


AF = 


m fuei (2 lbmol)(l2 lbm/lbmol) +(2 lbmol)(2 lbm/lbmol) 


= 25.9 lbm air/Ibm fuel 


(b) The dew-point temperature of a gas-vapor mixture is the saturation temperature of the water vapor in the product gases 
corresponding to its partial pressure. That is, 




f 




My 

■^prod 


A 


J 



2 lbmol 
v 25.99 lbmol 


A 

(l4.5 psia)= 1.1 16 psia 


Thus , 



= Z 


sat@l.l 16 psia 


= 105.4 °F 
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15-26 Propylene is burned with 50 percent excess air during a combustion process. The AF ratio and the temperature at 
which the water vapor in the products will start condensing are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, 0 2 , and N 2 only. 3 Combustion 
gases are ideal gases. 

Properties The molar masses of C, H 2 , and air are 12 kg/kmol, 2 kg/kmol, and 29 kg/kmol, respectively (Table A-l). 
Analysis (a) The combustion equation in this case can be written as 


A ^th — 4.5 


C 3 H 6 +1.5a th [0 2 +3.76N 2 ] >3C0 2 +3H 2 O + 0.5a th O 2 +(1.5x3. 76)a th N 2 

where a t h is the stoichiometric coefficient for air. It is determined from 
0 2 balance: 1.5 a ih = 3 + 1.5 + 0.5a th - 

Substituting, 

C 3 H 6 +6.75[0 2 + 3.76N 2 ] > 3C0 2 + 3H 2 0 + 2.250 2 + 25.38N 2 

The air- fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel, 

(6.75 x 4.76 kmol)(29 kg/kmol) 


50% excess air 



AF = 


m 


air 


fuel 


(3 kmol)(l2 kg/kmol) +(3 kmol)(2 kg/kmol) 


= 22.2 kg air/kg fuel 


Products 

-► 


( b ) The dew-point temperature of a gas-vapor mixture is the saturation temperature of the water vapor in the product gases 
corresponding to its partial pressure. That is, 


Pv = 


N, 


v ^prod 


P. 


prod 


f 3 kmol ^ 
33.63 kmol 


(105 kPa) = 9.367 kPa 


Thus, 


^dp “ ^sat@9.367 kPa “ 44.5°C 
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15-27 Butane C 4 H 10 is burned with 200 percent theoretical air. The kmol of water that needs to be sprayed into the 
combustion chamber per kmol of fuel is to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , 0 2 and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively 
(Table A- 1). 

Analysis The reaction equation for 200% theoretical air without the additional water is 
C 4 H 10 +2a th [o 2 +3.76N 2 ] >SC 0 2 +/)H 2 0 + £ 0 2 +FN 2 


where a t h is the stoichiometric coefficient for air. We have automatically accounted for the 100% excess air by using the 
factor 2«th instead of a th for air. The coefficient a t h and other coefficients are to be determined from the mass balances 

Carbon balance: B = 4 


Hydrogen balance: 

2D - 10 >D- 5 

Oxygen balance: 

2x2 a th = 2B + D + 2E 


a th = E 

Nitrogen balance: 

2 a th x3.76 = F 


C4H10 


Air 

200% 

theoretical 


Products 


Solving the above equations, we find the coefficients (E = 6.5, F = 48.88, and a t h = 6.5) and write the balanced reaction 
equation as 


C 4 H 10 +13[0 2 +3.76N 2 ] >4 CO 2 +5H 2 0 + 6.50 2 +48.88N 2 

With the additional water sprayed into the combustion chamber, the balanced reaction equation is 

C 4 H 10 +13[o 2 +3.76N 2 ]+JV,, H 2 0 >4C0 2 +(5 + A^ v )H 2 0 + 6.50 2 +48.88N 2 

The partial pressure of water in the saturated product mixture at the dew point is 
^v,prod = ^sat@ 60 °C = 19-95 kPa 


The vapor mole fraction is 


Tv 


^v,prod _ 19.95 kPa _ 
P prod 100 kPa 


The amount of water that needs to be sprayed into the combustion chamber can be determined from 


A 


Tv = 


water 


A 


->0.1995 = 


5 + A, 


total, product 


4 + 5 + A., +6.5 + 48.88 


-> A„ =9.796 kmol 
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15-28 A fuel mixture of 60% by mass methane, CH 4 , and 40% by mass ethanol, C2H 6 0, is burned completely with 
theoretical air. The required flow rate of air is to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, and N 2 only. 

Properties The molar masses of C, H 2 , 0 2 and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively 
(Table A- 1). 


Analysis For 100 kg of fuel mixture, the mole numbers are 


N 


mf, 


CH4 


60 kg 


CH4 


N 


M CH4 1 6 kg/kmol 

mf C2H60 40 k g 


= 3.75 kmol 


C2H60 


M 


C2H60 


46 kg/kmol 


= 0.8696 kmol 


60% CH 4 
40% C 2 H 6 0 


Air 


1 00% theoretical 


Products 


The mole fraction of methane and ethanol in the fuel mixture are 


N 


x = 


y = 


CH4 


N ruA + N 


CH4 

N 


C2H60 
C2H60 


•^CH4 + N 


C2H60 


3.75 kmol 

(3.75 + 0.8696) kmol 
0.8696 kmol 
(3.75 + 0.8696) kmol 


0.8118 

0.1882 


The combustion equation in this case can be written as 

xCH 4 +_yC 2 H 6 0 + fl th [0 2 +3.76N 2 ] >BC 0 2 +DH 2 0 + f N 2 

where a th is the stoichiometric coefficient for air. The coefficient a th and other coefficients are to be determined from the 
mass balances 


Carbon balance: 
Hydrogen balance: 
Oxygen balance: 
Nitrogen balance: 


x + 2 y-B 
4x + 6y = 2D 
2 a th + y = 2B + D 
3.7 6a th = F 


Substituting x and y values into the equations and solving, we find the coefficients as 

x = 0.81 18 B = 1.188 

y = 0.1882 D = 2.188 

a th =2.188 F = 8.228 


Then, we write the balanced reaction equation as 

0.81 18CH 4 + 0. 1882 C 2 H 6 0 + 2.188 [o 2 + 3.76N 2 ] >1.188 C0 2 + 2.188 H 2 0 + 8.228 N 2 

The air- fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel, 

m air (2. 1 88 x 4.76 kmol)(29 kg/kmol) 

Ar — — 

m fuei (0.81 18 kmol)(12 + 4 x l)kg/kmol + (0.1882 kmol)(2 xl2 + 6xl + 16)kg/kmol 

= 13.94 kg air/kg fuel 


Then, the required flow rate of air becomes 

m air =AFm fuel = (1 3. 94)(10 kg/s) = 139.4 kg/s 
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15-29 The volumetric fractions of the constituents of a certain natural gas are given. The AF ratio is to be determined if this 
gas is burned with the stoichiometric amount of dry air. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, and N 2 only. 

Properties The molar masses of C, H 2 , N 2 , 0 2 , and air are 12 kg/kmol, 2 kg/kmol, 28 kg/kmol, 32 kg/kmol, and 29 kg/kmol, 
respectively (Table A-l). 

Analysis Considering 1 kmol of fuel, the combustion equation can be written as 

(0.65CH 4 +0.08H 2 +0.18N 2 +0.030 2 +0.06C0 2 ) + a th (0 2 +3.76N 2 ) >xC0 2 + yH 2 0 + zN 2 

The unknown coefficients in the above equation are determined from mass balances, 


C: 0.65 + 0.06 = x > jc = 0.71 

H: 0.65 x 4 + 0.08 x 2 = 2y > 37 = 1.38 

0 2 : 0.03 + 0.06 + a th = x + y / 2 >a th =1.31 

N 2 : 0.18 + 3.76a th = z >z = 5.106 

Thus, 


Natural gas 

** Combustion 
chamber 

► 

Dry air 


Products 

— ► 


(0.65CH 4 + 0.08H 2 + 0.1 8N 2 + 0.030 2 + 0.06C0 2 ) + 1.3 1(0 2 + 3.76N 2 ) 

> 0.71CO 2 + 1.38H 2 0 + 5.106N 2 


The air- fuel ratio for the this reaction is determined by taking the ratio of the mass of the air to the mass of the fuel, 

m air = ( 1.31 x 4.76 kmol)(29 kg/kmol) = 1 80.8 kg 
'"fuel = (0.65 X 16 + 0.08 X 2 + 0. 18 X 28 + 0.03 x 32 + 0.06 x 44)kg = 19.2 kg 

and 


AF th 


^air,th 

m fud 


180.8 kg 

= 9.42 kg air/kg fuel 

19.2 kg 
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15-30 The composition of a certain natural gas is given. The gas is burned with stoichiometric amount of moist air. The AF 
ratio is to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, and N 2 only. 

Properties The molar masses of C, H 2 , N 2 , 0 2 , and air are 12 kg/kmol, 2 kg/kmol, 28 kg/kmol, 32 kg/kmol, and 29 kg/kmol, 
respectively (Table A-l). 

Analysis The fuel is burned completely with the stoichiometric amount of air, and thus the products will contain only H 2 0, 
C0 2 and N 2 , but no free 0 2 . The moisture in the air does not react with anything; it simply shows up as additional H 2 0 in 
the products. Therefore, we can simply balance the combustion equation using dry air, and then add the moisture to both 
sides of the equation. Considering 1 kmol of fuel, the combustion equation can be written as 

(0.65CH 4 + 0.08H 2 + 0.18N 2 + 0.030 2 + 0.06C0 2 ) + <2 th (0 2 + 3.76N 2 ) > xC0 2 + yH 2 0 + zN 2 

The unknown coefficients in the above equation are determined from mass balances, 


C: 0.65 + 0.06 = x > jc = 0.71 

Natural gas 

H: 0.65x4 + 0.08x2 = 2y >y = 1.38 

0 2 : 0.03 + 0.06 + a th = x + y/2 >a th =1.31 

N 2 : 0.18 + 3J6a th = z >z = 5.106 Moist air 

Thus, 

(0.65CH 4 + 0.08H 2 + 0.1 8N 2 + 0.030 2 + 0.06C0 2 ) + 1.31(0 2 + 3.76N 2 ) 

> 0.71CO 2 + 1.38H 2 0 + 5.106N 2 

Next we determine the amount of moisture that accompanies 4.76« t h = (4.76)(1.3 1) = 6.24 kmol of dry air. The partial 
pressure of the moisture in the air is 

+ in = ^ai+sat@25°c = (0.85)(3. 1698 kPa) = 2.694 kPa 


Combustion 

chamber 


Products 

— ► 


Assuming ideal gas behavior, the number of moles of the moisture in the air (N v in ) is determined to be 

2.694 kPa 


N • = 

1 y v,in 


P • 

v,in 

y -^total j 


N 


total 


101.325 kPa 


( 6.24 + 0 


+ N Vt air =0.17 kmol 


The balanced combustion equation is obtained by substituting the coefficients determined earlier and adding 0.17 kmol of 
H 2 0 to both sides of the equation, 


(0.65CH 4 + 0.08H 2 + 0.1 8N 2 + 0.030 2 + 0.06C0 2 ) + 1.3 1(0 2 + 3.76N 2 ) + 0.17H 2 O 

> 0.71CO 2 + 1.55H 2 0 + 5.106N 2 

The air- fuel ratio for the this reaction is determined by taking the ratio of the mass of the air to the mass of the fuel, 

m air = (l .3 1 x 4.76 kmol)(29 kg/kmol)+ (0. 1 7 kmol x 18 kg/kmol) = 183.9 kg 
"'fuel = (°- 65 x 16 + 0.08 x 2 + 0. 18 X 28 + 0.03 X 32 + 0.06 X 44)kg = 19.2 kg 


AF th 


m air,th 

m fuel 


183.9kg 

- = 9.58 kg air/kg fuel 

19.2kg 
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15-31 The composition of a gaseous fuel is given. It is burned with 130 percent theoretical air. The AF ratio and the fraction 
of water vapor that would condense if the product gases were cooled are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , N 2 , and air are 12 kg/kmol, 2 kg/kmol, 28 kg/kmol, and 29 kg/kmol, respectively 
(Table A- 1). 

Analysis ( a ) The fuel is burned completely with excess air, and thus the products will contain H 2 0, C0 2 , N 2 , and some free 
0 2 . Considering 1 kmol of fuel, the combustion equation can be written as 

(0.45CH 4 + 0.35H 2 + 0.20N 2 ) + 1.3a th (0 2 +3.76N 2 ) >xC0 2 + yH 2 0 + 0.3a th O 2 +zN 2 

The unknown coefficients in the above equation are determined from mass balances, 


C: 0.45 - x >x~ 0.45 


H: 0.45 x 4 + 0.35 x 2 = 2y 

-Ay = 1.2 

0 2 : 1.3a th =*+ y/2 + 0.3fl th 

>a th = 1.05 

N 2 : 0.20 + 3.76 x 1.3a th = z — 

— >z -5.332 


Thus, 


Gaseous fuel 


► 

Combustion 

Air 

chamber 

► 


30% excess 



Products 


(0.45CH 4 + 0.35H 2 + 0.20N 2 ) + 1.365(0 2 +3.76N 2 ) >0.45CO 2 + 1.2H 2 0 + 0.315O 2 + 5.332N 2 

The air- fuel ratio for the this reaction is determined by taking the ratio of the mass of the air to the mass of the fuel, 

m air = (l .365 x 4.76 kmol)(29 kg/kmol) = 188.4 kg 
m fuei = (0.45xl6 + 0.35x2 + 0.2x28)kg = 13.5 kg 

and 


AF = 


m 


air 


m 


fuel 


188,4 kg = 13.96 kg air/kg fuel 

13.5 kg 


(b) For each kmol of fuel burned, 0.45 + 1.2 + 0.3 15 + 5.332 = 7.297 kmol of products are formed, including 1.2 kmol of 
H 2 0. Assuming that the dew-point temperature of the products is above 25°C, some of the water vapor will condense as the 
products are cooled to 25°C. If N w kmol of H 2 0 condenses, there will be 1.2 - N yv kmol of water vapor left in the products. 
The mole number of the products in the gas phase will also decrease to 7.297 - N w as a result. Treating the product gases 
(including the remaining water vapor) as ideal gases, N w is determined by equating the mole fraction of the water vapor to 
its pressure fraction, 



N 


prod, gas 


since P v P sat @ 25°C 


P v ^ 1.2 - N w _ 3,1698 kPa ^ 

P prod 7.297 -N w ~ 101.325 kPa 

= 3.1698 kPa. Thus the fraction of water vapor that 


= 1.003 kmol 

condenses is 1.003/1.2 = 0.836 or 84%. 
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15-32 



Problem 15-31 is reconsidered. The effects of varying the percentages of CH4, H2 and N2 making up the fuel 


and the product gas temperature are to be studied. 

Analysis The problem is solved using EES, and the solution is given below. 


Let's modify this problem to include the fuels butane, ethane, methane, and propane in 

pull down menu. Adiabatic Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 

Reaction: aCxHy+bH2+cN2 + (a*y/4 + a*x+b/2) (Theo_air/100) (02 + 3.76 N2) 

<--> a*xC02 + ((a*y/2)+b) H20 + (c+3.76 (a*y/4 + a*x+b/2) (Theo_air/100)) N2 + (a*y/4 + a*x+b/2) 
(Theo_air/100 - 1) 02 

T_prod is the product gas temperature. 

Theo_air is the % theoretical air. " 

Procedure 

H20Cond(P_prod,T_prod,Moles_H20,M_other:T_DewPoint,Moles_H20_vap,Moles_H20Jiq,Result$) 

P_v = Moles_H20/(M_other+Moles_H20)*P_prod 
T_DewPoint = temperature(steam,P=P_v,x=0) 

IF T_DewPoint <= T_prod then 
Moles_H20_vap = Moles_H20 
Moles_H2O_liq=0 

Result$='No condensation occurred' 

ELSE 

Pv_new=pressure(steam,T=T_prod,x=0) 

Moles_H20_vap=Pv_new/P_prod*M_other/(1-Pv_new/P_prod) 

Moles_H20Jiq = Moles_H20 - Moles_H20_vap 
Result$='There is condensation' 

ENDIF 

END 

"Input data from the diagram window" 

{P_prod = 101.325 [kPa] 

Theo_air= 130 "[%]" 

a=0.45 

b=0.35 

c=0.20 

T prod = 25 [C]} 

Fuel$='CH4' 

x=1 

y=4 


"Composition of Product gases:" 

A_th = a*y/4 +a* x+b/2 

AF_ratio = 4.76*A_th*Theo_air/100*molarmass(Air)/(a*16+b*2+c*28) "[kg_air/kgjuel]" 

Moles_02=(a*y/4 +a* x+b/2) *(Theo_air/100 - 1) 

Moles_N2=c+(3.76*(a*y/4 + a*x+b/2))* (Theo_air/100) 

Moles_C02=a*x 

Moles_H20=a*y/2+b 

M other=Moles_02+Moles_N2+Moles_C02 

Call H20Cond(P_prod, T_prod, Moles H20,M_other:T_DewPoint, Moles JH20_vap, Moles JH20Jiq, Result$) 
Frac_cond = Moles_H20Jiq/Moles_H20*Convert(, %) "[%]" 

"Reaction: aCxHy+bH2+cN2 + A_th Theo_air/100 (02 + 3.76 N2) 

<--> a*xC02 + (a*y/2+b) H20 + (c+3.76 A_th Theo_air/100) N2 + A_th (Theo_air/100 - 1) 02" 
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A F ratio 
[kQair/ ^9fuel] 

Frac C0nd 

[%] 

MoleS H 20,liq 

MoleS|-|20,vap 

"Tprod 

[C] 

14.27 

95.67 

1.196 

0.05409 

5 

14.27 

93.16 

1.165 

0.08549 

11.67 

14.27 

89.42 

1.118 

0.1323 

18.33 

14.27 

83.92 

1.049 

0.201 

25 

14.27 

75.94 

0.9492 

0.3008 

31.67 

14.27 

64.44 

0.8055 

0.4445 

38.33 

14.27 

47.92 

0.599 

0.651 

45 

14.27 

24.06 

0.3008 

0.9492 

51.67 

14.27 

0 

0 

1.25 

58.33 

14.27 

0 

0 

1.25 

65 

14.27 

0 

0 

1.25 

71.67 

14.27 

0 

0 

1.25 

78.33 

14.27 

0 

0 

1.25 

85 
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15-33 Carbon is burned with dry air. The volumetric analysis of the products is given. The AF ratio and the percentage of 
theoretical air used are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , CO, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , and air are 12 kg/kmol, 2 kg/kmol, and 29 kg/kmol, respectively (Table A-l). 
Analysis Considering 100 kmol of dry products, the combustion equation can be written as 


xC + a[0 2 +3.76N 2 ] >10.06C0 2 +0.42CO + 10.69O 2 +78.83N 2 

The unknown coefficients v and a are determined from mass balances, 


N 2 : 3.76a = 78.83 >a = 20.965 

C: x = 10.06 + 0.42 > jc = 10.48 

(Check0 2 : a = 10.06 + 0.21 + 10.69 >20.96 = 20.96) 

Thus, 


Carbon 

^ Combustion 
chamber 

► 

Dry air 


Products 


10.48C + 20.96[O 2 + 3.76N 2 ] > 10.06C0 2 + 0.42CO + 10.69O 2 + 78.83N 2 

The combustion equation for 1 kmol of fuel is obtained by dividing the above equation by 10.48, 
C + 2.0[O 2 + 3.76N 2 ] > 0.96CO 2 + 0.04CO + 1.02O 2 + 7.52N 2 


(a) The air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel, 
air (2.0 x 4.76 kmol)(29 kg/kmol) 


AF = 


m 


fuel 


(l kmol)(l2 kg/kmol) 


= 23.0 kg air/kg fuel 


(b) To find the percent theoretical air used, we need to know the theoretical amount of air, which is determined from the 
theoretical combustion equation of the fuel, 


C + l[0 2 +3.76N 2 ] > C0 2 + 3.76N 2 


Then, 


Percent theoretical air = 


m air, act ^ air, act 


^air,th ^air, 


th 


(2.0X4.76) km° 1 =2|)0% 
(1.0X4.76) kmol 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 




15-24 


15-34 Methane is burned with dry air. The volumetric analysis of the products is given. The AF ratio and the percentage of 
theoretical air used are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , CO, H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , and air are 12 kg/kmol, 2 kg/kmol, and 29 kg/kmol, respectively (Table A-l). 
Analysis Considering 100 kmol of dry products, the combustion equation can be written as 


*CH 4 + fl[0 2 + 3.76N 2 ] > 5.20CO 2 + 0.33CO + 1 1.240, + 83.23N 2 + 6H 2 0 

The unknown coefficients x, a, and b are determined from mass balances, 

CH 4 

N 2 : 3.76*2 = 83.23 ><2 = 22.14 ► 

C: x = 5.20 + 0.33 >x = 5.53 

► 

H: 4x = 2b >b = 11.06 Dry air 


Combustion 

chamber 


Products 


(Check 0 2 : a = 5.20 + 0.165 + 1 1.24 + 6/2 >22.14 = 22.14) 


Thus, 


5.53CH 4 + 22.14[0 2 + 3.76N 2 ] > 5.20CO 2 + 0.33CO + 1 1.240 2 + 83.23N 2 + 1 1.06H 2 O 


The combustion equation for 1 kmol of fuel is obtained by dividing the above equation by 5.53, 


CH 4 + 4.0[O 2 + 3.76N 2 " 


-> 0.94CO 2 + 0.06CO + 2.03O 2 + 1 5.05N 2 + 2H 2 0 


(a) The air-fuel ratio is determined from its definition, 

m„,v (4.0x4.76 kmol)(29 kg/kmol) 


AF = 


m 


air 


fuel 


(l kmolXl2 kg/kmol) +(2 kmolX2 kg/kmol) 


= 34.5 kg air/kg fuel 


(b) To find the percent theoretical air used, we need to know the theoretical amount of air, which is determined from the 
theoretical combustion equation of the fuel, 


CH 4 +a th [0 2 +3.76N 2 ] > C0 2 + 2H 2 0 + 3.76<2 th N 2 

0 2 : < 2 th =l + l > a th = 2.0 


Then, 


Percent theoretical air 


m air, act 
^air,th 


N • 

air, act 
-^air,th 


(4.0X4.76) km°l =2|)0% 
(2.0X4.76) kmol 
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15-35 n-Octane is burned with 100% excess air. The combustion is incomplete. The mole fractions of products and the dew- 
point temperature of the water vapor in the products are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , CO, H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , 0 2 , N 2 and air are 12 

kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol, q ^ 

respectively (Table A-l). 8 ' 8 , 

Analysis The combustion reaction for stoichiometric air is Air 

► 

C 8 H 18 +12.5[o 2 +3.76N,] >8C0 2 +9H 2 0 + (12.5x3. 76)N 2 100%excess 

The combustion equation with 1 00% excess air and incomplete combustion is 

C 8 H 18 +2x12.5[o 2 +3.76N 2 ] >(0.85x8) C0 2 +(0.15x8)CO + 9H 2 O + xO 2 +(2x12.5x3. 76)N 2 

The coefficient for CO is determined from a mass balance, 


Combustion 
chamber 
P = 1 atm 


Products 

-► 


0 2 balance: 25 = 0.85x8 + 0.5x0.15x8 + 0.5x9 + v >x = 13.1 

Substituting, 

C 8 H 18 +25[o 2 +3.76N 2 ] >6.8C0 2 +1.2C0 + 9H 2 0 + 13.10 2 +94N 2 

The mole fractions of the products are 

A prod = 6.8 + 1.2 + 9 + 13.1 + 94 = 124.1 kmol 


y co2 

fco 

y H20 

y 02 
y N2 


NcOl 

6.8 kmol 

-^prod 

124.1 kmol 

O 

o 

1 .2 kmol 

^prod 

124.1 kmol 

N H20 

9 kmol 

^prod 

124.1 kmol 

<N 

o 

13.1 kmol 

N prod 

~~ 124.1 kmol 

N N2 

94 kmol 

^prod 

124.1 kmol 


0.0548 

0.0097 

0.0725 

0.1056 

0.7575 


The dew-point temperature of a gas-vapor mixture is the saturation temperature of the water vapor in the product gases 
corresponding to its partial pressure. That is, 


Pv = 


N, 


y N prod 


P, 


prod 


9 kmol 
124.1 kmol 


(101.325 kPa) = 7.348 kPa 


Thus, 


^dp _ ^sat@7.348 kPa - 39.9°C 


(Table A-5 or EES) 
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15-36 Methyl alcohol is burned with 100% excess air. The combustion is incomplete. The balanced chemical reaction is to 
be written and the air- fuel ratio is to be determined. 

Assumptions 1 Combustion is incomplete. 2 The combustion products contain C0 2 , CO, H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , 0 2 , N 2 and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol, 
respectively (Table A-l). 

Analysis The balanced reaction equation for stoichiometric air is 
CH 3 0H + a th [0 2 +3.76N 2 ] >C0 2 + 2H 2 0 + a th x3.76N 2 

CH 3 OH 

The stoic ihiometric coefficient a t h is determined from an 0 2 balance: 

Air 

0.5 + 61^ —1 + 1 ~ f ^ ► 

100% excess 

Substituting, 

CH3OH + 1.5[o 2 + 3.76N 2 ] >C0 2 + 2 H 2 0 + 1.5x3.76 N 2 

The reaction with 100% excess air and incomplete combustion can be written as 

CH3OH + 2 x 1.5 [o 2 +3.76N 2 ] >0.60 C0 2 + 0.40 CO + 2 H 2 0 + 10 2 + 2 x 1.5 x 3.76 N 2 

The coefficient for 0 2 is determined from a mass balance, 


Combustion ^ C0 2 , CO 

chamber H 2 0, 0 2 , N 2 


0 2 balance: 0.5 + 2 x 1.5 = 0.6 + 0.2 + 1 + v > x = 1.7 

Substituting, 

CH 3 0H + 3[0 2 +3.76N 2 ] >0.6 C0 2 + 0.4 CO + 2 H 2 0 + 1.7 0 2 + 11.28 N 2 

The air-fuel mass ratio is 


AF = 


m 


air 


m 


fuel 


(3x4.76x29) kg 
(lx 32) kg 


414 1kg 

— — ^ = 1 2.94 kg air/kg fuel 

32kg 
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15-37 Ethyl alcohol is burned with stoichiometric amount of air. The combustion is incomplete. The apparent molecular 
weight of the products is to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , CO, H 2 0, OH, and N 2 only. 

Properties The molar masses of C, H 2 , OH, N 2 and air are 12 kg/kmol, 2 kg/kmol, 17 kg/kmol, 28 kg/kmol, and 29 
kg/kmol, respectively (Table A-l). 


Analysis The reaction with stoichiometric air is 


C 2 H 5 0H + a, ; ,[0 2 +3.76N 2 ] >2C0 2 

where 

0.5 + a th =2 + 1 .5 > a th = 3 

Substituting, 


+ 3H 2 0 + a th x3.76N 2 


C 2 H 5 OH 

► 

Air 

► 

100% theoretical 


Combustion 

chamber 


C0 2 , CO, 0 2 

h 2 o, oh, n 2 


C 2 H 5 OH + 3[o 2 +3.76N 2 ] >2C0 2 + 3H 2 0 + 3 x 3.76 N 2 

The balanced reaction equation with incomplete combustion is 


C 2 H 5 0H + 3[0, +3.76N 2 ] > 2(0.90 C0 2 + O.lOCO) + 3(O.95H 2 O + O.lOH)+fe0 2 +3 x3.76N 2 

0 2 balance: 0.5+3 = 1.8+0. 1+3.1 5/2+b -> b = 0.025 

which can be written as 


C 2 H 5 0H + 3[0 2 +3.76N 2 ] >1.80CO 2 +0.20CO + 2.85H 2 0 + 0.30H + 0.0250 2 +11.28 N 2 

The total moles of the products is 

N m = 1 .8 + 0.2 + 2.85 + 0.3 + 0.025 + 1 1 .28 = 1 6.64 kmol 
The apparent molecular weight of the product gas is 

m (1.8x44 + 0.20x28 + 2.85x18 + 0.3x17 + 0.025x32 + 11.28x28) kg „ no , „ 

M m ^ = — - = 27.83 kg/kmol 

N m 16.64 kmol 
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15-38 Coal whose mass percentages are specified is burned with stoichiometric amount of air. The mass fractions of the 
products and the air-fuel ratio are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, S0 2 , and N 2 . 3 Combustion gases 
are ideal gases. 

Properties The molar masses of C, H 2 , 0 2 , S, and air are 12, 2, 32, 32, and 29 kg/kmol, respectively (Table A-l). 

Analysis We consider 100 kg of coal for simplicity. Noting that the mass percentages in this case correspond to the masses 
of the constituents, the mole numbers of the constituent of the coal are determined to be 


N c 

-^H2 

N 02 

N N2 


m 


c 79.61kg 


M c " 

12 kg/kmol 

m H2 

4.66 kg 

^H2 

2 kg/kmol 

m 02 

4.76 kg 

M 02 

32 kg/kmol 

m m 

1.83 kg 

Nl N2 

28 kg/kmol 

m s _ 

0.52 kg 


= 6.634 kmol 


= 2.33 kmol 


= 0.1488 kmol 


M s 32 kg/kmol 


= 0.06536 kmol 


= 0.01625 kmol 


Ash consists of the non-combustible matter in coal. Therefore, the 
mass of ash content that enters the combustion chamber is equal to the 
mass content that leaves. Disregarding this non-reacting component 
for simplicity, the combustion equation may be written as 


79.61% C 
4.66% H 2 
4.76% 0 2 
1.83% N 2 
0.52% S 
8.62% ash 
(by mass) 


Coal 

► 

Combustion 

Air chamber 

► 

theoretical 


co 2 , h 2 o, 
so 2 , o 2 , n 2 


6.634C + 2.33H 2 + 0.1488O 2 + 0.06536N, + 0.01625S + a th (0 2 +3.76N 2 ) 

Performing mass balances for the constituents gives 
C balance: x = 6.634 
H 2 balance : y = 2.33 
S balance: z = 0.01625 


» vCO 2 + yH 2 O + zSO 2 + wN 2 


0 2 balance: 0.1488 + a th = x + 0.5y + z >a th = 6. 634 + 0. 5(2. 33) + 0. 01625 -0.1488 = 7.667 

N 2 balance: w = 0.06536 + 3.76a th =0.06536 + 3.76x7.667 = 28.89 
Substituting, the balanced combustion equation without the ash becomes 

6.634C + 2.33H 2 +0.1488O 2 + 0.06536N 2 + 0.01625S + 7.667(0 2 + 3.76N 2 ) 

>6.634C0 2 + 2.33H 2 0 + 0.01625S0 2 +28.89N 2 


The mass fractions of the products are 

m total = 6.634 x 44 + 2.33 x 18 + 0.01625 x 64 + 228.89 x 28 = 1 144 kg 

m co2 (6.634 x 44) kg 


mf, 


C02 


mf 


'"total 1144 kg 
m mo (2.33x18) kg 


H20 


m 


total 


1144 kg 


= 0.2552 


= 0.0367 


mf 


m so 2 (0.01625 x 64) kg 


S02 


m 


total 


1144 kg 


= 0.00091 


(28,89x28) kg 


N: i 1144 kg 

The air-fuel mass ratio is then 


AF = 


(7.667x4.76x29) kg 


_ 1058 kg 

m fuel ~ (6.634 x 12 + 2.33 x 2 + 0. 1488 x 32 + 0.06536 x 28 + 0.0 1625 x 32) kg ~~ 91.38kg 


= 11.58 kg air/kg fuel 
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15-39 Coal whose mass percentages are specified is burned with 40% excess air. The air-fuel ratio and the apparent 
molecular weight of the product gas are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , CO, H 2 0, S0 2 , and N 2 . 3 Combustion 
gases are ideal gases. 

Properties The molar masses of C, H 2 , 0 2 , S, and air are 12, 2, 32, 32, and 29 kg/kmol, respectively (Table A-l). 


Analysis We consider 100 kg of coal for simplicity. Noting that the mass percentages in this case correspond to the masses 
of the constituents, the mole numbers of the constituent of the coal are determined to be 


N c 

-^H2 

N 02 

N N2 


m 


c 67.40 kg 


M c ' 

12 kg/kmol 

m H2 

5.31kg 

^H2 

2 kg/kmol 

m 02 

15.11kg 

M 02 

32 kg/kmol 

m N2 

1.44 kg 

NI N2 

28 kg/kmol 

m s . 

2.36 kg 


= 5.617 kmol 


= 2.655 kmol 


= 0.4722 kmol 


Mo 32 kg/kmol 


= 0.05143 kmol 


= 0.07375 kmol 


The mole number of the mixture and the mole fractions are 


67.40% C 
5.31% H 2 
15.11% 0 2 
1.44% N 2 
2.36% S 
8.38% ash 
(by mass) 


Coal 

► 

Combustion 

Air chamber 

► 

40% excess 


co 2 , h 2 o, 
so 2 , o 2 , n 2 


N m = 5.617 + 2.655 + 0.4722 + 0.05 143 + 0.07375 = 8.869 kmol 


Tc 

3 ; H2 

^02 

^N2 

Js 


_ 21sl 
N m 

_ N 

N m 

N 02 


N N2 

N m 

N m 


5.617 kmol 
8.869 kmol 
2.655 kmol 
8.869 kmol 


0.6333 
= 0.2994 


0.4722 kmol 
8.869 kmol 


0.05323 


0.05143 kmol =00058() 
8.869 kmol 


0.07375 kmol =Q Q0832 
8.869 kmol 


Ash consists of the non-combustible matter in coal. Therefore, the mass of ash content that enters the combustion chamber 
is equal to the mass content that leaves. Disregarding this non-reacting component for simplicity, the combustion equation 
may be written as 

0.6333C + 0.2994H 2 +0.053230 2 +0.00580N 2 + 0.00832S + \Aa th (0 2 + 3.76N 2 ) 

»xC0 2 + yH 2 0 + zS0 2 + kN 2 + ^0 2 

According to the species balances, 

C balance: x = 0.6333 
H 2 balance : y = 0.2994 
S balance: z = 0.00832 
O 2 balance : 

0.05323 + a th = x + 0.5y + z 

a th = 0.6333 + 0.5 x 0.2994 + 0.00832 - 0.05323 = 0.738 1 

N 2 balance: k = 0.00580 + 1.4 x 3.7 6a th = 0.00580 + 1.4 x 3.76 x 0.7381 = 3.891 

m = 0Aa th =0.4x0.7381 = 0.2952 
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Substituting, 

0.6333C + 0.2994H 2 + 0.053230 2 + 0.00580N 2 + 0.00832S + 1.033(0 2 + 3.76N 2 ) 

>0.6333CO 2 + 0.2994H 2 O + 0.00832S0 2 + 3.891N 2 + 0.2952O 2 

The total mass of the products is 

m total = 0.6333 x 44 + 0.2994 x 1 8 + 0.00832 x 64 + 3.891 x 28 + 0.2952 x 32 - 152.2 kg 
The total mole number of the products is 

N m = 0.6333 + 0.2994 + 0.00832 + 3.891 + 0.2952 = 5. 127 kmol 
The apparent molecular weight of the product gas is 

m w 152.2 kg __ __ , .. . 

M m = — - = — = 29.68 kg/kmol 

m N m 5.127 kmol 

The air- fuel mass ratio is then 

AF = _!!!a^ = (1.033x4,76x29) kg 

m fuel (0.6333 x 12 + 0.2994 x 2 + 0.05323 x 32 + 0.00580 x 28 + 0.00832 x 32) kg 

142.6 kg 
" 10.33 kg 

= 13.80 kg air/kg fuel 
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Enthalpy of Formation and Enthalpy of Combustion 


15-31 


15-40C For combustion processes the enthalpy of reaction is referred to as the enthalpy of combustion, which represents 
the amount of heat released during a steady- flow combustion process. 


15-4 1C Enthalpy of formation is the enthalpy of a substance due to its chemical composition. The enthalpy of formation is 
related to elements or compounds whereas the enthalpy of combustion is related to a particular fuel. 


15-42C The heating value is called the higher heating value when the H 2 0 in the products is in the liquid form, and it is 
called the lower heating value when the H 2 0 in the products is in the vapor form. The heating value of a fuel is equal to the 
absolute value of the enthalpy of combustion of that fuel. 


15-43C If the combustion of a fuel results in a single compound, the enthalpy of formation of that compound is identical to 
the enthalpy of combustion of that fuel. 


15-44C Yes. 


15-45C No. The enthalpy of formation of N 2 is simply assigned a value of zero at the standard reference state for 
convenience. 


15-46C 1 kmol of H 2 . This is evident from the observation that when chemical bonds of H 2 are destroyed to form H 2 0 a 
large amount of energy is released. 
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15-47 The enthalpy of combustion of methane at a 25°C and 1 atm is to be determined using the data from Table A-26 and 
to be compared to the value listed in Table A-27. 

Assumptions The water in the products is in the liquid phase. 

Analysis The stoichiometric equation for this reaction is 

CH 4 +2[o 2 +3.76N 2 ] >C0 2 +2H 2 O(0+7.52N 2 


Both the reactants and the products are at the standard reference state of 25 °C and 1 atm. Also, N 2 and 0 2 are stable 
elements, and thus their enthalpy of formation is zero. Then the enthalpy of combustion of CH 4 becomes 


h c —H P H R 




+ 




Using hj values from Table A-26, 

h c = (l kmol)(-393,520 kJ/kmol) + (2 kmol)(-285,830 kJ/kmol) 

- (l kmol)(- 74,850 kJ/kmol) 

= -890,330 kj (per kmol CH 4 ) 

The listed value in Table A-27 is -890,868 kJ/kmol, which is almost identical to the calculated value. Since the water in the 
products is assumed to be in the liquid phase, this h c value corresponds to the higher heating value of CH 4 . 
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15-48 



Problem 15-47 is reconsidered. The effect of temperature on the enthalpy of combustion is to be studied. 


Analysis The problem is solved using EES, and the solution is given below. 


Fuel$ = 'Methane (CH4)' 

T_comb =25 [C] 

T_fuel = T_comb +273 "[K]" 

T_a i r 1 = T_comb +273 "[K]" 

T_prod =T_comb +273 "[K]" 
hjDar_comb_TableA27 = -890360 [kJ/kmol] 

"For theoretical dry air, the complete combustion equation is" 

"CH4 + A_th(02+3.76 N2)=1 C02+2 H20 + A_th (3.76) N2 " 

A_th*2=1 *2+2*1 "theoretical O balance" 

"Apply First Law SSSF" 
h_fuel_EES=enthalpy(CH4,T=298) "[kJ/kmol]" 
h_fuel_TableA26=-74850 "[kJ/kmol]" 

h_bar_fg_H2O=enthalpy(SteamJapws,T=298,x=1)-enthalpy(SteamJapws,T=298,x=0) "[kJ/kmol]" 
HR=h_fuel_EES+ A_th*enthalpy(02,T=T_air1)+A__th*3.76 *enthalpy(N2,T=T_air1) "[kJ/kmol]" 
HP=1*enthalpy(C02,T=T_prod)+2*(enthalpy(H20,T=T_prod)-h_bar_fg_H20)+A_th*3.76* 
enthalpy(N2,T=T_prod) "[kJ/kmol]" 
h_bar_Comb_EES=(HP-HR) "[kJ/kmol]" 

PercentError=ABS(h_bar_Comb_EES-h_bar_comb_TableA27)/ABS(h_bar_comb_TableA27)*Convert(, %) "[%]" 


hcombEES 

[kJ/kmol] 

Tcomb 

[C] 

-890335 

25 

-887336 

88.89 

-884186 

152.8 

-880908 

216.7 

-877508 

280.6 

-873985 

344.4 

-870339 

408.3 

-866568 

472.2 

-862675 

536.1 

-858661 

600 
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15-49 Ethane is burned with stoichiometric amount of air. The heat transfer is to be determined if both the reactants and 
products are at 25°C. 


Assumptions The water in the products is in the vapor phase. 
Analysis The stoichiometric equation for this reaction is 

C 2 H 6 +3.5[o 2 +3.76N 2 ] >2C0 2 +3H 2 0 + 13.16N 2 

Since both the reactants and the products are at the standard reference 
state of 25 °C and 1 atm, the heat transfer for this process is equal to 
enthalpy of combustion. Note that N 2 and 0 2 are stable elements, and 
thus their enthalpy of formation is zero. Then, 


/C 


c 2 h 6 

w 


25°C^ 

Combustion 

Products 

Air 

chamber 

25°C 

25°C 




Q = h c = H P -H R ^Nrhlp-^N 


h ° 

R n f,R 


= \Nh 


f 


C02 


+ \Nh 


f 


H20 


-\Nh 


f 


C2H6 


Using h j- values from Table A-26, 

Q-h c = (2 kmol)(-3 93,520 kJ/kmol) + (3 kmol)(-24 1,820 kJ/kmol)-(l kmol)(-84,680 kJ/kmol) 

= -1 ,427,820 kJ/kmol C2H6 


15-50 Ethane is burned with stoichiometric amount of air at 1 atm and 25°C. The minimum pressure of the products which 
will assure that the water in the products will be in vapor form is to be determined. 

Assumptions The water in the products is in the vapor phase. 

Analysis The stoichiometric equation for this reaction is 

C 2 H 6 +3.5[o 2 +3.76N 2 ] >2C0 2 +3H 2 0 + 13.16N 2 

At the minimum pressure, the product mixture will be saturated with water vapor and 
Pv ~ ^sat@ 25 °c =3.1698kPa 


The mole fraction of water in the products is 

_ N H 20 _ 3 kmol 

^ ~ A^prod ~ (2 + 3 + 13.16) kmol ~ 

The minimum pressure of the products is then 


0.1652 


P, 


min 


A= 3-1698kPa =192kpa 
y v 0.1652 
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15-51 The higher and lower heating values of liquid propane are to be determined and compared to the listed values. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, and N 2 . 3 Combustion gases are 
ideal gases. 

Properties The molar masses of C, 0 2 , H 2 , and air are 12, 32, 2, and 29 kg/kmol, respectively (Table A-l). 

Analysis The combustion reaction with stoichiometric air is 


C 3 H 8 (0 + 5(O 2 +3.76N 2 ) >3 CO 2 + 4H 2 0 + 18.8N, 

Both the reactants and the products are taken to be at the standard 
reference state of 25°C and 1 atm for the calculation of heating values. 
The heat transfer for this process is equal to enthalpy of combustion. 
Note that N 2 and 0 2 are stable elements, and thus their enthalpy of 
formation is zero. Then, 


c 3 h 8 

► 


Air 

theoretical 


Combustion 

chamber 


Products 


q — h C — H p Hp-^ N P h° f ' P - ^ N R h}' R - (m} ) C02 + {n/i} ) h20 - (Nh° f ) 


'C3H8 


The hj of liquid propane is obtained by adding h Jg of propane at 25°C to hj of gas propane (103,850 + 44.097 x 335 = 
1 18,620 kJ/kmol). For the HHV, the water in the products is taken to be liquid. Then, 

h c = (3 kmol)(-393,520 kJ/kmol) + (4 kmol)(-285,830 kJ/kmol)- (1 kmol)(-l 18,620 kJ/kmol) 

= -2,205,260 kJ/kmol propane 


The HHV of the liquid propane is 


hhv = 2!c 


2,205,260 kJ/kmol C 3 H 8 
44.097 kg/kmol C 3 H 8 


= 50,01 OkJ/kg 


c 3 h 


8 


The listed value from Table A-27 is 50,330 kJ/kg. For the LHV, the water in the products is taken to be vapor. Then, 

h c = (3 kmol)(-393,520 kJ/kmol) + (4 kmol)(-241,820 kJ/kmol)- (1 kmol)(-l 18,620 kJ/kmol) 

= -2,029,220 kJ/kmol propane 


The LHV of the propane is then 


-h c 2,029,220 kJ/kmol C 3 H 

LHV = — 

M m 44.097 kg/kmol C 3 H 8 


46,020 kJ/kg C 3 H 8 


The listed value from Table A-27 is 46,340 kJ/kg. The calculated and listed values are practically identical. 
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15-52 The higher and lower heating values of gaseous octane are to be determined and compared to the listed values. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, and N 2 . 3 Combustion gases are 
ideal gases. 

Properties The molar masses of C, 0 2 , H 2 , and air are 12, 32, 2, and 29 kg/kmol, respectively (Table A-l). 

Analysis The combustion reaction with stoichiometric air is 

C 8 H 18 + 12.5(0 2 + 3.76N 2 ) >8C0 2 + 9H 2 0 + 47N 2 c R 

Both the reactants and the products are taken to be at the standard 
reference state of 25 °C and 1 atm for the calculation of heating values. Air 

The heat transfer for this process is equal to enthalpy of combustion. theoretic aT 

Note that N 2 and 0 2 are stable elements, and thus their enthalpy of 
formation is zero. Then, 

q = h c = Hp -H R =Y J n ph°f P - X N R h}, R = (m° f ) C02 + (m° f ) H20 - (m° f ) C8H18 

For the HHV, the water in the products is taken to be liquid. Then, 

h c = (8 kmol)(-393,520 kJ/kmol) + (9 kmol)(-285,830 kJ/kmol)- (1 kmol)(-208,450 kJ/kmol) 

= -5,5 12, 180 kJ/kmol octane 


Combustion 

chamber 


Products 


The HHV of the gaseous octane is 


HHV = -+ 


5,512,180 kJ/kmol C 8 H 18 
114.231 kg/kmol C 8 H 18 


= 48,250 kJ/kg C 8 H 18 


The listed value for liquid octane from Table A-27 is 47,890 kJ/kg. Adding the enthalpy of vaporization of octane to this 
value (47,890+363=48,253), the higher heating value of gaseous octane becomes 48,253 kJ/kg octane. This value is 
practically identical to the calculated value. For the LHV, the water in the products is taken to be vapor. Then, 

h c = (8 kmol)(-393,520 kJ/kmol) + (9 kmol)(-24 1,820 kJ/kmol)- (1 kmol)(-208,450 kJ/kmol) 

= -5,1 16,090 kJ/kmol octane 


The LHV of the gaseous octane is then 


HHV = — + 


5,1 16,090 kJ/kmol C 8 H 18 
114.231 kg/kmol C 8 H 18 


44,790 kJ/kg C 8 H 18 


The listed value for liquid octane from Table A-27 is 44,430 kJ/kg. Adding the enthalpy of vaporization of octane to this 
value (44,430+363=44,793), the lower heating value of gaseous octane becomes 44,793 kJ/kg octane. This value is 
practically identical to the calculated value. 
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15-53 The higher and lower heating values of coal from Illinois are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , CO, H 2 0, S0 2 , and N 2 . 3 Combustion 
gases are ideal gases. 

Properties The molar masses of C, H 2 , 0 2 , S, and air are 12, 2, 32, 32, and 29 kg/kmol, respectively (Table A-l). 

Analysis We consider 100 kg of coal for simplicity. Noting that the mass percentages in this case correspond to the masses 
of the constituents, the mole numbers of the constituent of the coal are determined to be 


N c 

-^H2 

N 02 

N N2 

A^s 


m 


c 67.40 kg 


M c ' 

12 kg/kmol 

m H2 

5.31kg 

M m 

2 kg/kmol 

m Q2 

15.11kg 

M 02 

32 kg/kmol 

m N 2 

1.44 kg 


28 kg/kmol 

m s _ 

2.36 kg 


= 5.617 kmol 


= 2.655 kmol 


- 0.4722 kmol 


M s 32 kg/kmol 


= 0.05143 kmol 


= 0.07375 kmol 


The mole number of the mixture and the mole fractions are 

N m - 5.617 + 2.655 + 0.4722 + 0.05143 + 0.07375 - 8.869 kmol 


67.40% C 
5.31% H 2 
15.11% 0 2 
1.44% N 2 
2.36% S 
8.38% ash 
(by mass) 


Coal 

► 


Air 

theoretical 


Combustion 

chamber 


Products 


3 7 H2 

^02 

TN2 

?S 


N c 5.617 kmol 
8.869 kmol 


= 0.6333 


N m 2.655 kmol 


8.869 kmol 


N 


-0.2994 


m 


N q 2 0.4722 kmol 


8.869 kmol 


N 


-0.05323 


m 


N m 0.05 143 kmol 


8.869 kmol 


N 


-0.00580 


m 


Nc 0.07375 kmol 


N 


m 


8.869 kmol 


-0.00832 


Ash consists of the non-combustible matter in coal. Therefore, the mass of ash content that enters the combustion chamber 
is equal to the mass content that leaves. Disregarding this non-reacting component for simplicity, the combustion equation 
may be written as 

0.6333C + 0.2994H 2 +0.053230 2 +0.00580N 2 + 0.00832S + a th (0 2 + 3.76N 2 ) 

> xC0 2 + yH 2 0 + zS0 2 + kN 2 


According to the species balances, 

C balance: x = 0.6333 
H 2 balance : y - 0.2994 
S balance: z = 0.00832 
0 2 balance: 

0.05323 + a th =x + 0.5y + z 

a th - 0.6333 + 0.5 x 0.2994 + 0.00832 - 0.05323 - 0.738 1 
N 2 balance: k - 0.00580 + 3.76a th -0.00580 + 3.76x0.7381-2.781 
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Substituting, 

0.6333C + 0.2994H 2 +0.053230 2 + 0.00580N 2 + 0.00832S + 0.7381(O 2 + 3.76N 2 ) 

> 0.6333CO 2 + 0.2994H 2 O + 0.00832S0 2 + 2.781N 2 

Both the reactants and the products are taken to be at the standard reference state of 25 °C and 1 atm for the calculation of 
heating values. The heat transfer for this process is equal to enthalpy of combustion. Note that C, S, H 2 , N 2 and 0 2 are stable 
elements, and thus their enthalpy of formation is zero. Then, 

q = hc=Hp _H R= Y j N P h}' P -Y j N R h° f ' R = [m; ) C02 + [m; ) H20 + (m° f ) S02 

For the HHV, the water in the products is taken to be liquid. Then, 

h c = (0.6333 kmol)(-393,520 kJ/kmol) + (0.2994 kmol)(-285,830 kJ/kmol) 

+ (0.00832 kmol)(-297,100 kJ/kmol) 

= -337,270 kJ/kmol coal 

The apparent molecular weight of the coal is 

_ m m _ (0,6333 x 12 + 0.2994 x 2 + 0.05323 x 32 + 0.00580 x 28 + 0.00832 x 32) kg 
m ~ N m ~ (0.6333 + 0.2994 + 0.05323 + 0.00580 + 0.00832) kmol 

_ 1 0.33kg _ iQ 33 kg/k mo l C oal 
1.000 kmol 

The HHV of the coal is then 

T tt t \ 7 ~ h c 337,270 kJ/kmol coal 00 ccr . , ... . 

HHV = — — = — = 32,650 kJ/kg coal 

M m 10.33 kg/kmol coal 

For the LHV, the water in the products is taken to be vapor. Then, 

h c = (0.6333 kmol)(-393,520 kJ/kmol) + (0.2994 kmol)(-24 1,820 kJ/kmol) 

+ (0.00832 kmol)(-297,100 kJ/kmol) 

= -324,090 kJ/kmol coal 

The LHV of the coal is then 


LHV = 


—h 


c 


M 


m 


324,090 kJ/kmol coal 
10.33 kg/kmol coal 


= 31 ,370 kJ/kg coal 
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First Law Analysis of Reacting Systems 


15-39 


15-54C In this case A U + Wt = A//, and the conservation of energy relation reduces to the form of the steady-flow energy 
relation. 


15-55C The heat transfer will be the same for all cases. The excess oxygen and nitrogen enters and leaves the combustion 
chamber at the same state, and thus has no effect on the energy balance. 


15-56C For case (/?), which contains the maximum amount of nonreacting gases. This is because part of the chemical 
energy released in the combustion chamber is absorbed and transported out by the nonreacting gases. 
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15-57 Propane is burned with an air- fuel ratio of 25. The heat transfer per kilogram of fuel burned when the temperature of 
the products is such that liquid water just begins to form in the products is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 Combustion is complete. 5 The reactants are at 25°C and 1 atm. 6 The fuel is in vapor phase. 
Properties The molar masses of propane and air are 44 kg/kmol and 29 kg/kmol, respectively (Table A-l). 

Analysis The mass of air per kmol of fuel is 

^air — (AF)^fuel 

= (25 kg air/kg fuel)(l x 44 kg/kmol fuel) = 1 100 kg air/kmol fuel 

The mole number of air per kmol of fuel is then 

m air 1 1 00 kg air/kmol fuel , 

N„: r = — ^ - = - 37.93 kmol air/kmol fuel 

M air 29 kg air/kmol air 

The combustion equation can be written as 

C 3 H 8 +(37.93 /4.76)(0 2 +3.76N 2 ) >3C0 2 + 4H 2 0 + x0 2 + (37.93/ 4.76) x 3.76N 2 

The coefficient for O 2 is obtained from O 2 balance: 



(37.93/4.76) = 3 + 2 + x 


x = 2.968 


Substituting, C 3 H 8 + 7.968(0 2 +3.76N 2 ) 
The mole fraction of water in the products is 


3C0 2 + 4H 2 0 + 2.9680 2 + 29.96N 2 


= 


4 kmol 


4 kmol 


= 0.1002 


Nprod (3 + 4 + 2.968 + 29.96) kmol 39.93 kmol 

The partial pressure of water vapor at 1 atm total pressure is 
P V = y v p = (0.1002X101.325 kPa) - 10.15 kPa 

When this mixture is at the dew-point temperature, the water vapor pressure is the same as the saturation pressure. Then, 
L P =7’ S at@io.i5kPa =46.1°C = 319.1K = 320K 

We obtain properties at 320 K (instead of 3 19. 1 K) to avoid iterations in the ideal gas tables. The heat transfer for this 
combustion process is determined from the energy balance E m - E out = A E tem applied on the combustion chamber with 

W= 0. It reduces to 


-Qou t ='Z N r( h °f +h - h °) p -? J N R ( h } +h - h °) 1 


Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, 


Substance 

hj , kJ/kmol 

h 2 98K > kJ/kmol 

^320K j kJ/kmol 

c 3 h 8 

-103,850 

— 

— 

o 2 

0 

8682 

9325 

N 2 

0 

8669 

9306 

h 2 o (g) 

-241,820 

9904 

10,639 

CO , 

-393,520 

9364 

10,186 


Substituting, 

- Q om = (3X- 393,520 + 10,186 - 9364)+ (4^- 241,820 + 10,639 - 9904)+ (2.968X0 + 9325 - 8682) 

+ (29.96X0 + 9306 - 8669) - (l)(- 103, 850)- 0 
= -2,017,590 kJ/kmolC 3 H 8 


or G out = 2,017,590 kJ/kmol C 3 H 8 
Then the heat transfer per kg of fuel is 


<2 0Ut _ 2,017,590 kJ/kmol fuel 
M foei 44 kg/kmol 


45,850 kJ/kg C 3 H 8 
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15-58 n-Octane is burned with 100 percent excess air. The heat transfer per kilogram of fuel burned for a product 
temperature of 257°C is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 Combustion is complete. 5 The fuel is in vapor phase. 

Properties The molar masses of propane and air are 44 kg/kmol and 29 kg/kmol, respectively (Table A-l). 

Analysis The combustion reaction for stoichiometric air is 


C 8 H 18 +12.5[o 2 +3.76N 2 ] >8C0 2 +9H 2 0 + (12.5x3.76)N 2 


The combustion equation with 100% excess air is 

C 8 H 18 +25[o 2 +3.76N 2 ] >8CO, +9H 2 0 + 12.50 2 +94N 

The heat transfer for this combustion process is determined from 
the energy balance E m - E out = A£ system applied on the 

combustion chamber with W = 0. It reduces to 


C 8 H 18 

2 

25°C 

100% excess air 
25°C 


/ 


G 


out 


Combustion 

chamber 

P = 1 atm 


Products 

257°C 


-Gout =I>^; +h - h °)p-Y, N ^ h f +h ~ h \ 


Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, 


Substance 


h ° f 

kJ/kmol 


^298 K 

kJ/kmol 


^530K 

kJ/kmol 


C 8 H I8 (g) 

-208,450 

— 

— 

o 2 

0 

8682 

15.708 

n 2 

0 

8669 

15,469 

h 2 o (g) 

-241,820 

9904 

17,889 

co 2 

-393,520 

9364 

19,029 


Substituting, 

- Gout = (bX- 393,520 + 19,029 - 9364)+ (9)(- 241,820 + 1 7,889 - 9904)+ (l2.5)(0 + 15,708 - 8682) 

+ (94X0 + 15,469 - 8669)- (l)(- 208,450)- 0 - 0 
= -4,239,880 kJ/kmol C 8 H 18 


or Q out = 4,239,880 kJ/kmol C 8 H 18 


Then the heat transfer per kg of fuel is 




M fuel 


4,239,880 kJ/kmol fuel 
1 14 kg/kmol 


37,200 kJ/kgC 8 H 18 
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15-59 Propane is burned with 50 percent excess air during a steady-flow combustion process. The rate of heat transfer in the 
combustion chamber is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 Combustion is complete. 

Properties The molar masses of propane and air are 44 kg/kmol and 29 kg/kmol, respectively (Table A-l). 

Analysis The combustion equation can be written as 

C 3 H 8 +1.5a th (o 2 +3.76N 2 ) »3C0 2 + 4H 2 0 + 0.5a th 0 2 + 1.5a th x3.76N 2 

The stoichiometric coefficient is obtained from 0 2 balance: 

n 

1.5a th =3 + 2 + 0.5a th >a th =5 

Substituting, 


C.H 


C 3 H 8 +7.5(0 2 +3.76N 2 ) >3C0 2 +4H 2 0 + 2.50 2 +28.2N 2 

The specific volume of the air entering the system is 

= R*T = (0^87 kJ/kmol ■ KX773 K) = 3 

air P 101.3 kPa 

and the mass flow rate of this air is 


3-^8 

25~°C 

Air 

500°C 



Combustion 

chamber 

P = 1 atm 


1/ 


™air = 


air 


lm 3 /s 


= 0.4566 kg/s 


^air 2.190 m /kg 
The air- fuel ratio for this combustion process is 

(7.5 x 4.76 kmol)(29 kg/kmol) 


AF = 


air 


m fuei kmol)(l2 kg/kmol) + (4 kmol)(2 kg/kmol) 


= 23.53 kg air/kg fuel 


The mass flow rate of fuel is 


^fuel 


ra a ir 0.4566 kg/s 


= 0.01941 kg/s 


Products 

1500°C 


AF 23.53 

The heat transfer for this combustion process is determined from the energy balance E [n - E out = AE S stem applied on the 
combustion chamber with W = 0. It reduces to 

Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, 


Substance 

hf 

kJ/kmol 

^298 K 

kJ/kmol 

1*773 K 

kJ/kmol 

1*1773 K 
kJ/kmol 

c 3 h 8 

-103,850 

— 

— 

— 

o 2 

0 

8682 

23.614 

59.364 

n 2 

0 

8669 

22,866 

56,689 

h 2 o (g) 

-241,820 

9904 

— 

71,177 

co 2 

-393,520 

9364 

— 

87,195 


Substituting, 

- Gout = (3)(- 393,520 + 87,195 - 9364)+ (4 )(- 241,820 + 71,177 - 9904)+ (2.5 ^0 + 59,364 - 8682) 
+ (28.2X0 + 56,689 - 8669)- (lX- 103,850 + /z 298 - /z 298 )- (7.5)(0 + 23,614 - 8682) 

- (28.2)(0 + 22,866 - 8669) 

= -596,881 kJ/kmolC 3 H 8 


or <2 out =596,881 kJ/kmol C 3 H 8 

Then the rate of heat transfer for a mass flow rate of 0.01941 kg/s for the propane becomes 


Gout — -^2 out — 


' m ' 


M 


Gout 


r 0.0 1 941 kg/s ^ 
44 kg/kmol 


(596,88 1 kJ/kmol) = 263.3 kW 
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15-60 Methane is burned completely during a steady-flow combustion process. The heat transfer from the combustion 
chamber is to be determined for two cases. 

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 Combustion is complete. 

Analysis The fuel is burned completely with the stoichiometric amount of air, and thus the products will contain only H 2 0, 
CO 2 and N 2 , but no free 0 2 . Considering 1 kmol of fuel, the theoretical combustion equation can be written as 


CH 4 +a th (0 2 +3.76N 2 ) >C0 2 + 2H 2 0 + 3.76a th N 2 

where a t h is determined from the 0 2 balance, 

^th ~ 1 3" 1 ~ 2 
Substituting, 

CH 4 +2(0 2 +3.76N 2 ) >C0 2 +2H 2 0 + 5.64N 2 


ch 4 

/ e 


Combustion 

chamber 


25°C ~ 

Products 

Air 

P = 1 atm 

25°C 

1 00% theoretical 




The heat transfer for this combustion process is determined from the energy balance E in - E out = AE system applied on the 
combustion chamber with W = 0. It reduces to 


- Gout =E N M} +h - h °) P -E N M +h - h \ 

since both the reactants and the products are at 25 °C and both 
From the tables, 


“ Ej N P h °f>P E N R h f,R 

the air and the combustion gases can be treated as ideal gases. 


Substance 


CH 4 

0 2 

n 2 

h 2 0 (f) 

co 2 


kj/kmol 

-74,850 

0 

0 

-285,830 

-393,520 


Thus, 

-Gout = (lX-393,520)+ (2)(-285,830)+ 0 - (l)(-74,850)- 0 - 0 = -890,330 kJ / kmol CH 4 
or 

G out = 890,330 kJ / kmol CH 4 

If combustion is achieved with 100% excess air, the answer would still be the same since it would enter and leave at 25°C, 
and absorb no energy. 
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15-61E Diesel fuel is burned with 20 percent excess air during a steady-flow combustion process. The required mass flow 
rate of the diesel fuel for a specified heat transfer rate is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air and 
combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 Combustion is complete. 

Analysis The fuel is burned completely with the excess air, and 
thus the products will contain only C0 2 , H 2 0, N 2 , and some 
free 0 2 . Considering 1 kmol of Ci 2 H 26 , the combustion 
equation can be written as 


2 = 1800 Btu/s 


C 12 H 26 

77°F 

Air 

► 

20% excess air 


/ 

Combustion 

chamber 

P = 1 atm 


Products 

► 


800 R 


77°F 


C 12 H 26 +1.2fl th (0 2 +3.76N 2 ) >12C0 2 + 13H,0 + O.2a th 0 2 + (l.2)(3.76a th )N 2 

where a± is the stoichiometric coefficient and is determined from the 0 2 balance, 

l.2a th = 12 + 6.5 + 0.2a th > a th = 18.5 

Substituting, 


C 12 H 26 +22.2(0 2 +3.76N 2 ) >12C0 2 +13H 2 0 + 3.70 2 +83.47N 2 

The heat transfer for this combustion process is determined from the energy balance E m - E out = A£ system applied on the 
combustion chamber with W = 0. It reduces to 


-Q 0 *=Y. N M + h-h°) P ~Y, N M + h-h°) R = Y, N +h ~h°) p -Y, N R h°f, 


R 


since all of the reactants are at 77°F. Assuming the air and the combustion products to be ideal gases, we have h = h(T). 
From the tables, 


Substance 

hf 

Btu/lbmol 

^537R 

Btu/lbmol 

^800 R 

Btu/lbmol 

Ci 2 H 26 

-125,190 

— 

— 

o 2 

0 

3725.1 

5602.0 

N 2 

0 

3729.5 

5564.4 

h 2 0 go 

-104,040 

4258.0 

6396.9 

co 2 

-169,300 

4027.5 

6552.9 


Thus, 

-<2 0Ut = (l2X-169,300 + 6552.9 - 4027.5)+ (l3)(-l 04,040 + 6396.9 - 4258) 

+ (3.7X0 + 5602.0 -3725. l)+(83.47)(0 + 5564.4-3729.5)-(l)(-125,190)-0-0 
= -3,040,716 Btu/lbmol C 12 H 26 


or 2 out ~ 3,040,716 Btu/lbmol C 12 H 26 


Then the required mass flow rate of fuel for a heat transfer rate of 1800 Btu/s becomes 


m = NM = 


v2y 


M = 


1800 Btu/s 


3,040,716 Btu/lbmol 


(l70 lbm/lbmol) = 0.1006 lbm/s 
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15-62 A certain coal is burned steadily with 40% excess air. The heat transfer for a given product temperature is to be 
determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , CO, H 2 0, S0 2 , and N 2 . 3 Combustion 
gases are ideal gases. 

Properties The molar masses of C, H 2 , N 2 , 0 2 , S, and air are 12, 2, 28, 32, 32, and 29 kg/kmol, respectively (Table A-l). 

Analysis We consider 100 kg of coal for simplicity. Noting that the mass percentages in this case correspond to the masses 
of the constituents, the mole numbers of the constituent of the coal are determined to be 


N c = 


Nr2 ~ 


^02 ~ 


^N2 - 


Nc = 


m 


c 39.25 kg 


M c ' 

12 kg/kmol 

m m 

6.93 kg 

Mm 

2 kg/kmol 

171 02 

41.11kg 

M 02 

32 kg/kmol 

m N 2 

0.72 kg 

m N2 

28 kg/kmol 

m s 

0.79 kg 


= 3.271 kmol 
= 3.465 kmol 


M s 32 kg/kmol 


= 0.0257 kmol 


= 0.0247 kmol 


The mole number of the mixture and the mole fractions are 


A... = 3.271 + 3.465 + 1.285 + 0.0257 + 0.0247 = 8.071 kmol 


m 


y c 
y H2 
yo2 
y N2 

?S 


N 


c 


N 

N 


m 


H2 


N 


N 


m 


02 


N 


m 


N 


N2 


N 

N< 


N 


m 


3.271 kmol 
8.071 kmol ’ 
3.465 kmol 
8.071 kmol 
1.285 kmol 
8.071 kmol 


0.4052 
= 0.4293 
= 0.1592 


0.0257 kmol 
8.071 kmol 


0.00319 


0.0247 kmol = 0 QQ306 
8.071 kmol 


39.25% C 
6.93% H 2 
41.11% 0 2 
0.72% N 2 
0.79% S 
11.20% ash 
(by mass) 


Coal 


Air 

40% excess 


Combustion 

chamber 


Products 


127°C 


Ash consists of the non-combustible matter in coal. Therefore, the mass of ash content that enters the combustion chamber 
is equal to the mass content that leaves. Disregarding this non-reacting component for simplicity, the combustion equation 
may be written as 

0.4052C + 0.4293H 2 +0.1592O 2 +0.00319N 2 + 0.00306S + \Aa th (0 2 +3.76N 2 ) 

>0.4052C0 2 + 0.4293H 2 O + 0.4*2 th 0 2 +0.00306S0 2 + \Aa th x3.76N 2 


According to the 0 2 mass balance, 

0.1592 + 1.4^ = 0.4052 + 0.5 x 0.4293 + 0Aa th +0.00306 >a th =0.4637 

Substituting, 

0.4052C + 0.4293H 2 +0.1592O 2 +0.00319N 2 +0.00306S + 0.6492(0 2 +3.76N 2 ) 

>0.4052C0 2 +0.4293H 2 O + 0.1855O 2 +0.00306S0 2 +2.441N 2 

The heat transfer for this combustion process is determined from the energy balance E m - E out = A£ system applied on the 
combustion chamber with W = 0. It reduces to 

- Gout = Ej N p (h° f + h - . h° ) p - Y, Nr (h°f +, h - h° ) fi 
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Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, 


Substance 

h °f 

kJ/kmol 

^298 K 

kJ/kmol 

^400 K 

kJ/kmol 

o 2 

0 

8682 

11,711 

n 2 

0 

8669 

11,640 

h 2 0 (g) 

-241,820 

9904 

13,356 

co 2 

-393,520 

9364 

13,372 

so 2 

-297,100 

- 

- 


The enthalpy change of sulfur dioxide between the standard temperature and the product temperature using constant specific 
heat assumption is 

A h S02 = c p AT = (41.7 kJ/kmol • K)(127 - 25)K = 4253 kJ/kmol 
Substituting into the energy balance relation, 

- g out = (0.4052X- 393,520 + 13,372 - 9364)+ (0.4293X- 24 1,820 + 13,356 - 9904) 

+ (0.1 855)(0 + 1 1,7 1 1 - 8682)+ (2.44 1)(0 + 1 1,640 - 8669)+ (0.00306X- 297,100 + 4253)- 0 
= -253,244 kJ/kmol C 8 H 18 

or Gout = 253,244 kJ/kmol fuel 
Then the heat transfer per kg of fuel is 

O _ Gout _ 253,244 kJ/kmol fuel 

^ ~ M fuei ~ (0.4052 x 12 + 0.4293 x 2 + 0. 1592 x 32 + 0.003 19 x 28 + 0.00306 x 32) kg/kmol 
253,244 kJ/kmol fuel 
1 1 .00 kg/kmol 

= 23,020 kJ/kg coal 
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15-63 Octane gas is burned with 30 percent excess air during a steady-flow combustion process. The heat transfer per 
unit mass of octane is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 Combustion is complete. 

Properties The molar mass of C 8 H 18 is 1 14 kg/kmol (Table A-l). 

Analysis The fuel is burned completely with the excess air, and thus the products will contain only CO 2 , H 2 0, N 2 , and some 
free 0 2 . The moisture in the air does not react with anything; it simply shows up as additional H 2 0 in the products. 
Therefore, for simplicity, we will balance the combustion equation using dry air, and then add the moisture to both sides of 
the equation. Considering 1 kmol of C 8 H 18 , the combustion equation can be written as 

C 8 H 18 (g) + 1.8a th (0 2 +3.76N 2 ) >8CO, + 9H 2 0 + 0.8a th O 2 + (l.8X3.76a th )N 2 

where a t h is the stoichiometric coefficient for air. It is determined from 


O 2 balance :1.8^ th = 8 + 4.5 + 0.8a th 


-»<2 th = 12.5 


Thus, 


C 8 H 18 (g)+22.5(0 2 + 3.76N 2 ) >8C0 2 + 9H 2 0 + 10O 2 + 84.6N, 

Therefore, 22.5 x 4.76 = 107.1 kmol of dry air will be used per kmol of the 
fuel. The partial pressure of the water vapor present in the incoming air is 

^v,in = ^air^sat@ 25 °c = (0.40)(3. 1698 kPa) = 1.268 kPa 

Assuming ideal gas behavior, the number of moles of the moisture 
that accompanies 107. 1 kmol of incoming dry air is determined to be 


C 8 H 


8-n-l 8 



80% excess air 
25°C 



Combustion 

chamber 

P= 1 atm 


Products 

1000K 


N • = 

v,in 


P. 


v,in 


p 

\ 1 total 


N 


total 


1.268 kPa 


107.1 + N 


v,in 


-> N v , in =1.36 kmol 


101.325 kPa 

y 

The balanced combustion equation is obtained by adding 1.36 kmol of H 2 0 to both sides of the equation, 

C 8 H 18 (g)+22.5(0 2 +3.76N 2 )+1.36H 2 0 >8C0 2 + 10.36H 2 O + 10O 2 + 84.6N 2 

The heat transfer for this combustion process is determined from the energy balance E m - E out = A£ system applied on the 
combustion chamber with W = 0. It reduces to 

-Gout =2>pfe +/7 - /7 °l +h-h°) R =Y,N P (h} +h-h°) p 


,R 


since all of the reactants are at 25°C. Assuming the air and the combustion products to be ideal gases, we have h = h(T). 
From the tables, 


Substance /^, kJ/kmol /z 298 K , kJ/kmol h l000 K , kJ/kmol 


C 8 H 18 (g) 

-208,450 

— 

— 

o 2 

0 

8682 

31,389 

n 2 

0 

8669 

30,129 

H 2 0 (£) 

-241,820 

9904 

35,882 

co 2 

-393,520 

9364 

42,769 


Substituting, 

- Gout = (sX- 393,520 + 42,769 - 9364) + (l0.36)(- 241,820 + 35,882 - 9904) 

+ (l0)(0 + 3 1,389 - 8682) + (84.6X0 + 30,129 - 8669) 

- (lX- 208,450) - (l .36X- 24 1,820) - 0 - 0 
= -2,537,130 kJ/kmol C 8 H 18 

Thus 2,537,130 kJ of heat is transferred from the combustion chamber for each kmol (114 kg) of C 8 H 18 . Then the heat 
transfer per kg of C 8 H 18 becomes 

Q out 2,537,130 kJ __ _ , ... 

<7 = ^ = = 22 ’ 260 kJ/k 9 c sHi8 

M 114kg 
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15-64 



Problem 15-63 is reconsidered. The effect of the amount of excess air on the heat transfer for the combustion 


process is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


Fuel$ = 'Octane (C8H18)' 

T_fuel = (25+273) "[K]" 

{PercentEX = 80 "[%]"} 

Ex = PercentEX/1 00 "[%Excess air/100]" 

P_air1 = 101 .3 [kPa] 

T airl = 25+273 "[K]" 

RH_1 = 40/100 "[%]" 

T_prod = 1 000 [K] 

M air = 28.97 [kg/kmol] 

M water = 1 8 [kg/kmol] 

M_C8H 1 8=(8*12+18*1) "[kg/kmol]" 

"For theoretical dry air, the complete combustion equation is" 

"C8H18 + A_th(02+3.76 N2)=8 C02+9 H20 + A_th (3.76) N2 " 

A_th*2=8*2+9*1 "theoretical O balance" 

"now to find the amount of water vapor associated with the dry air" 
w_1=HUMRAT(AirH20,T=T_air1,P=P_air1,R=RH_1) "Humidity ratio, kgv/kga" 
N_w=w_1*(A_th*4.76*M_air)/M_water "Moles of water in the atmoshperic air, kmol/kmoLfuel" 

"The balanced combustion equation with Ex% excess moist air is" 

"C8H18 + (1+EX)[A_th(02+3.76 N2)+N_w H20]=8 C02+(9+(1+Ex)*N_w) H20 + (1+Ex) A_th (3.76) N2+ Ex( 
A_th) 02 " 

"Apply First Law SSSF" 

H_fuel = -208450 [kJ/kmol] "from Table A-26" 

HR=H_fuel+ (1 +Ex)*A_th*enthalpy(02,T=T_air1 )+(1 +Ex)*A_th*3.76 
*enthalpy(N2,T=T_air1)+(1+Ex)*N_w*enthalpy(H20,T=T_air1) 

HP=8*enthalpy(C02,T=T_prod)+(9+(1+Ex)*N_w)*enthalpy(H20,T=T_prod)+(1+Ex)*A_th*3.76* 

enthalpy(N2,T=T_prod)+Ex*A_th*enthalpy(02,T=T_prod) 

Q_net=(HP-HR)"kJ/kmol"/(M_C8H1 8 "kg/kmol") ”[kJ/kg^C8H18]" 

Q out = -Q_net "[kJ/kg_C8H18]" 

"This solution used the humidity ratio form psychrometric data to determine the moles of water vapor in 
atomspheric air. One should calculate the moles of water contained in the atmospheric air by the method shown 
in Chapter 14 which uses the relative humidity to find the partial pressure of the water vapor and, thus, the moles 
of water vapor. Explore what happens to the results as you vary the percent excess air, relative humidity, and 
product temperature." 



PercentEX 

[%] 

Qout 

[kJ/kgC8H18] 

0 

31444 

20 

29139 

40 

26834 

60 

24529 

80 

22224 

100 

19919 

120 

17614 

140 

15309 

160 

13003 

180 

10698 

200 

8393 
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15-65 Propane gas is burned with 100% excess air. The combustion is incomplete. The balanced chemical reaction is to be 
written, and the dew-point temperature of the products and the heat transfer from the combustion chamber are to be 
determined. 

Assumptions 1 Combustion is incomplete. 2 The combustion products contain CO 2 , CO, H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , 0 2 , N 2 and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol, 
respectively (Table A-l). 

Analysis (a) The balanced reaction equation for stoichiometric air is 

C 3 H 8 +a th [0 2 +3.76N 2 ] >3 C0 2 + 4 H 2 0 + a th x 3.76 N 2 

The stoicihiometric coefficient a th is determined from an 0 2 balance: C 3 H 8 

► 

a th = 3 + 2 = 5 Air 

Substituting, 100% excess*" 

C 3 H 8 +5[0 2 +3.76N 2 ] >3 CO 2 + 4 H 2 0 + 5 x 3.76 N 2 

The reaction with 100% excess air and incomplete combustion can be written as 

C 3 H 8 + 2x5[o 2 +3.76N 2 ] >0.90 x 3 C0 2 + 0.10 x 3 CO + 4 H 2 0 + iO, + 2 x 5 x 3.76 N 2 

The coefficient for 0 2 is detennined from a mass balance, 


Combustion 

chamber 


C0 2 , CO 

h 2 o, o 2 , n 2 


0 2 balance: 10 = 0.9 x 3 + 0.05 x 3 + 2 + x > x = 5.15 

Substituting, 

C 3 H 8 +lo[o 2 + 3.76N 2 ] >2.7 C0 2 + 0.3 CO + 4H 2 0 + 5.150 2 +37.6N 2 

(b) The partial pressure of water vapor is 



^H2Q 
N total 


^total 


(1 00 kPa) = 

2.7 + 0.3 + 4 + 5.15 + 37.6 


4 kmol 
49.75 kmol 


(100 kPa) = 8.040 kPa 


The dew point temperature of the product gases is the saturation temperature of water at this pressure: 
Td P = ^sat@ 8 . 04 kPa = 41 -5°C (Table A-5) 


(c) The heat transfer for this combustion process is determined from the energy balance E m - E out = A£ system applied on 
the combustion chamber with W = 0. It reduces to 

- Gou, = £ N p {h} +h- h° ) p -Y J N R (h}+h- h° ) R 

Both the reactants and products are at 25 °C. Assuming the air and the combustion products to be ideal gases, we have h = 
h(T). Also, since the temperature of products (25 °C) is lower than the dew-po,nt temperature, some water vapor will 
condense. Noting from Table A-5 that P sat @ 2 5 o c =3.17 kPa , the molar amount of water that remain as vapor is determined 

from 


Pv = 


N 

~N 


H20 


P< 


total 


+ 3.17 kPa = 


N 


H20, vapor 


total 


^H20, vapor + 2.7 + 0.3 + 5.15 + 37.6 


(100kPa) 


* ^H20, vapor =l-5kmol 


Thus, ^H20, liquid = 4 - 1 .5 = 2.5 kmol 


Then, using the values given in the table, 

-Q out = (2.7)(-393,520) + (0.3)(-l 10,530) + (1 .5)(-24 1,820) + (2.5)(-285,830) - (1)(-1 03,850) 
=-2,069,120 kJ/kmol C 3 H 8 

or 2 0Ut = 2,069,120 kJ/kmol C 3 H 8 

Then the heat transfer for a 100 kmol fuel becomes 


2out — ^out — 


^ m ^ 
v A y 


Q out =(100 kmol fuel)(2, 069, 120 kJ/kmol fuel) = 2.069 xlO 8 kj 
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15-66 A mixture of propane and methane is burned with theoretical air. The balanced chemical reaction is to be written, and 
the amount of water vapor condensed and the the required air flow rate for a given heat transfer rate are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain 
C0 2 , CO, H 2 0, 0 2 , and N? only. 

Properties The molar masses of C, H 2 , 0 2 , N 2 and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol, 
respectively (Table A-l). 

Analysis (a) The balanced reaction equation for stoichiometric air is 


0.4 C 3 H g +0.6CH 4 +a th [0 2 +3.76N 2 ] >1.8 CO, + 2.8 H 2 0 + a th x 3.76 N 2 

The stoic ihiometric coefficient a th is determined from an 0 2 balance: 
a th =1.8 + 1.4 = 3.2 


c 3 H 8 , Cft 


Substituting, 


Air 

1 00% theoretical 


Combustion 

chamber 


co 2 , h 2 o, 
n 2 


0.4 C 3 H 8 +O.6CH4 +3.2[o 2 + 3.76N 2 ] >1.8 C0 2 + 2.8 H 2 0 + 12.032 N 2 

(b) The partial pressure of water vapor is 


P v = 


N 


H20 


N 


^total 


2.8 


total 


1.8 + 2.8 + 12.032 


(100 kPa) -- 2 - 8kmo1 ( 100 kPa) = 16.84 kPa 

16.632 kmol 


The dew point temperature of the product gases is the saturation temperature of water at this pressure: 


Tdp ~ ^sat@ 16.84 kPa - 56.2°C (Table A-5) 


Since the temperature of the product gases are at 398 K (125°C), there will be no condensation of water vapor. 

(c) The heat transfer for this combustion process is determined from the energy balance E m - E out = A£ system applied on 
the combustion chamber with W = 0. It reduces to 

- Gou, = £ n p (h} +h- h° l (+ + h- h° ) s 
The products are at 125 °C, and the enthalpy of products can be expressed as 
( h-h°)=c p AT 

where AT = 125 - 25 = 100°C = 100 K . Then, using the values given in the table, 

-Gout = (1 8)(— 393,520 + 41.16 x 100) + (2.8)(-241,820 + 34.28 x 100) + (12.032)(0 + 29.27 x 100) 

- (0.4)(-103,850) - (0.6)(-74,850) 

=- 1,246,760 kJ/kmol fuel 

or Gout =1,246,760 kJ/kmol fuel 

For a heat transfer rate of 97,000 kJ/h, the molar flow rate of fuel is 



G 


out 


G 


out 


97,000 kJ/h 
1,246,760 kJ/kmol fuel 


0.07780 kmol fuel/h 


The molar mass of the fuel mixture is 

M fue i = 0.4 x 44 + 0.6 x 16 = 27.2 kg/kmol 
The mass flow rate of fuel is 


m fuel = /V fuel M fuel =(0.07780 kmol/h)(27.2 kg/kmol) = 2.1 16 kg/h 
The air-fuel ratio is 


AF = 


m 


air 


(3.2x4.76x29) kg 


= 16.24 kg air/kg fuel 


ra fuel (0.4 x 44 + 0.6 x 1 6) kg 

The mass flow rate of air is then 

m air = m fuel AF = (2.1 16 kg/h)16.24) = 34.4 kg/h 
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15-67 A mixture of ethanol and octane is burned with 10% excess air. The combustion is incomplete. The balanced 
chemical reaction is to be written, and the dew-point temperature of the products, the heat transfer for the process, and the 
relative humidity of atmospheric air for specified conditions are to be determined. 

Assumptions 1 Combustion is incomplete. 2 The combustion products 
contain C0 2 , CO, H 2 0, 0 2 , and N? only. 

Properties The molar masses of C, H 2 , 0 2 , N? and air are 12 kg/kmol, 

2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol, respectively 
(Table A- 1). 

Analysis (a) The balanced reaction equation for stoichiometric air is 

0.1C 2 H 6 0 + 0.9C 8 H 18 +a th [0 2 +3.76N 2 ] >7.4C0 2 +8.4H 2 0 + a th x3.76N 2 

The stoic ihiometric coefficient a x h is determined from an 0 2 balance: 


C 8 H 18 

c 2 h 6 o 

1 

Air 


1 0% ex r. ess 


Combustion 
chamber 


C0 2 , CO 

h 2 o, o 2 , n 2 


0.1/2 + a th -1 A + 8.4/ 2 >a xh =11.55 

Substituting, 

0.1C 2 H 6 0 + 0.9C 8 H 18 +11.55[0 2 +3.76N 2 ] >7.4C0 2 + 8.4 H 2 0 + 1 1.55 x 3.76 N 2 

The reaction with 1 0% excess air and incomplete combustion can be written as 
0.1 C 2 H 6 0 + 0.9C 8 H 18 + 1.1 x 11.55[0 2 +3.76N 2 ] 

>0.9 x 7.4 C0 2 + 0.1 x 7.4 CO + 8.4H 2 0 + jc0 2 + 1.1 x 1 1.55 x 3.76 N 2 

The coefficient for 0 2 is determined from a mass balance, 

0 2 balance: 0.5 x 0.1 + 1.1 x 1 1.55 = 0.9 x 7.4 + 0.5 x (0.1 x 7.4) + 0.5 x 8.4 + v >x = 1.525 

Substituting, 

0.1C 2 H 6 0 + 0.9C 8 H 18 +12.705[O 2 +3.76N 2 ] 

>6.66C0 2 + 0.74 CO + 8.4 H 2 0 + 1.525 0 2 +47.77N 2 


(b) The partial pressure of water vapor is 


P v = 


N 


H20 


N 


^total 


8.4 


total 


6.66 + 0.74 + 8.4 + 1.525 + 47.77 


(100 kPa) - 8 - 4kmo1 (!00 kPa) = 12.9 kPa 
65.10 kmol 


The dew point temperature of the product gases is the saturation temperature of water at this pressure: 


T<ip ~^sat@i2.9kPa - 50.5°C (Table A-5) 


(c) The heat transfer for this combustion process is determined from the energy balance E m - E out = A£ system applied on 
the combustion chamber with W = 0. It reduces to 

-Gout + h-h \ +/7 - /7 °L 

Both the reactants and products are at 25 °C. Assuming the air and the combustion products to be ideal gases, we have h = 
h(T). Then, using the values given in the table, 

-Qout = (6.66)(-393,520) + (0.74)(-l 10,530) + (8.4)(-241,820) - (0.1)(-235,310) - (0.9)(-208,450) 

=- 4,522,790 kJ/kmol fuel 

or Gout = 4,522,790 kJ/kmol fuel 

The molar mass of the fuel is 

M =0.1x46 + 0.9x1 14 = 107.2 kg/kmol 
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Then the heat transfer for a 2.5 kg of fuel becomes 


Gout — NQ out - 




M 


Gout 


2.5 kg 


107.2 kg/kmol 


(4,522,790 kJmol) = 1 05,480 kJ 


(d) For 9.57 kmol of water vapor in the products, the air must carry 9.57 — 8.4 = 1.17 kmol of water vapor in the 
atmospheric air. The partial pressure of this water vapor in the stmospheric air is 



•^H2Q 
N total 



1.17 

12.705x4.76 + 1.17 


(100 kPa) = 


1.17 kmol 
61.65 kmol 


(100 kPa) = 1.8979 kPa 


The saturation pressure of water at 25°C is 3.17 kPa (Table A-4). The relative humidity of water vapor in the atmospheric 
air is then 


(/> 


P 


P 


total 


1.8979 kPa 
3.17 kPa 


= 0.599 = 59.9% 
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15-68 A mixture of methane and oxygen contained in a tank is burned at constant volume. The final pressure in the 
tank and the heat transfer during this process are to be determined. 

Assumptions 1 Air and combustion gases are ideal gases. 2 Combustion is complete. 

Properties The molar masses of CH 4 and O 2 are 16 kg/kmol and 32 kg/kmol, respectively (Table A-l). 


Analysis (a) The combustion is assumed to be complete, and thus all the carbon in the methane burns to CO 2 and all of the 
hydrogen to H 2 0. The number of moles of CH 4 and O 2 in the tank are 


m C u 0.12 ku , 

N rH = — = = 7.5x10 kmol = 7.5mol 

4 M ch 4 16 kg/kmol 

m n 0 6 ks 

N n = '- = — — — = 18.75 xl0 _3 kmol = 18.75 mol 

2 M Qi 32 kg/kmol 

Then the combustion equation can be written as 

7.5CH 4 + 18.750 2 >7.5C0 2 + 15H 2 0 + 3.750 2 



o 2 + ch 4 

25°C, 200 kPa 

1 

1200 K 


At 1200 K, water exists in the gas phase. Assuming both the reactants and the products to be ideal gases, the final pressure 
in the tank is determined to be 


P R V = NpR„T 


R iy u J R 


P P V = N P R U T P 



(N P ) 

f T \ 

1 p 

II 


k T R j 


Substituting, 


P p = 


= (200 kPaj 


26.25 mol 


\ 26.25 mol 


1200 K 
298 K 


= 805 kPa 


which is relatively low. Therefore, the ideal gas assumption utilized earlier is appropriate. 

( b ) The heat transfer for this constant volume combustion process is determined from the energy balance 
^in “ ^out = A2s system applied on the combustion chamber with W = 0. It reduces to 

- Gout = £ ■ Np (h} + h - h° - p u)p - £ N r (h} +h- h° - Pu) R 

Since both the reactants and products are assumed to be ideal gases, all the internal energy and enthalpies depend on 
temperature only, and the Pi 7 terms in this equation can be replaced by R U T. It yields 

~Qout = ^jN P [hf +/q 20 0 K - ^298 K ~ R u T ) P R (hf -R u t) r 

since the reactants are at the standard reference temperature of 25 °C. From the tables, 


Substance 

hf 

kj/kmol 

^298 K 

kj/kmol 

hl200 K 

kj/kmol 

ch 4 

-74,850 

— 

— 

o 2 

0 

8682 

38,447 

h 2 o ( 8 ) 

-241,820 

9904 

44,380 

co 2 

-393,520 

9364 

53,848 


Thus, 

-Q out = (7.5X-393,520 + 53,848 - 9364 - 8.3 14 x 1200) 

+ (l5\- 24 1,820 + 44,380 - 9904 - 8.3 14 x 1200) 

+ ( 3 . 75 X 0 + 38,447 - 8682 - 8.3 14 x 1200) 

- (7.5X- 74,850 - 8.3 14 x 298)- (l8.75)(- 8.3 14 x 298) 
= -5,251,791 J = -5252 kJ 


Thus Q out = 5252 kJ of heat is transferred from the combustion chamber as 120 g of CH 4 burned in this combustion 
chamber. 
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15-69 



Problem 15-68 is reconsidered. The effect of the final temperature on the final pressure and the heat transfer 


for the combustion process is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

T_reac = (25+273) "[K]" 

P_reac = 200 [kPa] 

{T_prod = 1200 [K]} 
m_02=0.600 [kg] 

Mw_02 = 32 [kg/kmol] 
m_CH4 = 0.120 [kg] 

Mw_CH4=(1 *12+4*1) "[kg/kmol]" 
R_u = 8.314 [kJ/kmol-K] 


"reactant mixture temperature" 
"reactant mixture pressure" 
"product mixture temperature" 
"initial mass of 02" 

"initial mass of CH4" 

"universal gas constant" 


"For theoretical oxygen, the complete combustion equation is" 
"CH4 + A_th 02=1 C02+2 H20 " 

2*A th=1 *2+2*1 "theoretical O balance" 


"now to find the actual moles of 02 supplied per mole of fuel" 
N_02 = m_02/M w_02/N_C H4 
N CH4= m CH4/Mw CH4 


"The balanced complete combustion equation with Ex% excess 02 is" 

"CH4 + (1+EX) A_th 02=1 C02+ 2 H20 + Ex( A_th) 02 " 

N_02 = (1+Ex)*A_th 

"Apply First Law to the closed system combustion chamber and assume ideal gas 
behavior. (At 1200 K, water exists in the gas phase.)" 

EJn - E_out = DELTAE_sys 
EJn = 0 

E_out = Q_out "kJ/kmol_CH4" "No work is done because volume is constant" 

DELTAE_sys = U_prod - U_reac "neglect KE and PE and note: U = H - PV = N(h - R_u T)" 

U_reac = 1*(enthalpy(CH4, T=T_reac) - R_u*T_reac) +(1+EX)*A_th*(enthalpy(02,T=T_reac) - R_u*T_reac) 
U_prod = 1*(enthalpy(C02, T=T_prod) - R_u*T_prod) +2*(enthalpy(H20, T=T_prod) - 
R_u*T_prod)+EX*A_th*(enthalpy(02,T=T_prod) - R_u*T_prod) 

"The total heat transfer out, in kJ, is:" 

Q_out_tot=Q_ouf'kJ/kmol_CH47(Mw_CH4 "kg/kmol_CH4") *m_CH4"kg" "kJ" 


"The final pressure in the tank is the pressure of the product gases. Assuming 
ideal gas behavior for the gases in the constant volume tank, the ideal gas law gives:" 


P_reac*V =N_reac * R u *T_reac 
P_prod*V = Nprod * R_u * T_prod 
N_reac = N_CH4*(1 + N_02) 
Nprod = N_CH4*(1 + 2 + Ex*A_th) 


T prod 

[K] 

Qout,tot 

[kJ] 

P prod 

[kPa] 

500 

5872 

335.6 

700 

5712 

469.8 

900 

5537 

604 

1100 

5349 

738.3 

1300 

5151 

872.5 

1500 

4943 

1007 
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15-70E Methane is burned with stoichiometric amount of air in a rigid container. The heat rejected from the container is to 
be determined. 


Assumptions 1 Air and combustion gases are ideal gases. 2 Combustion is complete. 

Properties The molar masses of CH 4 and air are 16 lbm/lbmol and 29 lbm/lbmol, respectively (Table A- IE). 


Analysis The combustion equation for 1 lbmol of fuel is 

CH 4 +2(0 2 +3.76A 2 ) >C0 2 +2H 2 0 + 7.52N 2 

The heat transfer for this constant volume combustion process is determined from 
the energy balance E m - E out = AE tem applied on the combustion chamber with 

W = 0. It reduces to 

- Gou, = X N r te + h- h° - pu\ - £ N r (h° f +h-ir -pu) r 


.out 


ch 4 

Theoretical air 
77°F, 14.4 psia 

\ 

1060°F 


Since both the reactants and products are assumed to be ideal gases, all the internal energy and enthalpies depend on 
temperature only, and the PU terms in this equation can be replaced by R U T. It yields 

-Gou, =2>p(+ + +20R -*537R " R ,r T )r 


since the reactants are at the standard reference temperature of 77°F. From the tables, 


Substance 


hf h 537R ^1520R 

Btu/lbmol Btu/lbmol Btu/lbmol 


ch 4 

-32,210 

— 

— 

0 2 

0 

3725.1 

1 1.179.6 

n 2 

0 

3729.5 

10,800.4 

h 2 0 (g) 

-104,040 

4258.0 

12,738.8 

co 2 

-169,300 

4027.5 

14,824.9 

^out — 

(l)(- 169,300 + 14,824.9 

- 4027.5 - 1.9858 x 

1520) 


+ (2)(- 104,040 + 12,738.8 - 4258.0 - 1.9858 x 1520) 

+ (7.52X0 + 10,800.4 - 3729.5 - 1 .9858 x 1520) 

- (lX- 32,210 - 1.9858 x 537)- (2^- 1-9858 x 537) - (7.52)(-l .9858 x 537) 
= -284,800 Btu/lbmol CH 4 

Thus 


2 out =284,800 Btu/lbmol CH 4 
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15-71 A mixture of benzene gas and 30 percent excess air contained in a constant- volume tank is ignited. The heat transfer 
from the combustion chamber is to be determined. 

Assumptions 1 Both the reactants and products are ideal gases. 2 Combustion is complete. 

Analysis The theoretical combustion equation of C 6 H 6 with 
stoichiometric amount of air is 

C 6 H 6 (g)+ a th (0 2 + 3.76N 2 ) > 6C0 2 + 3H 2 0 + 3.76a th N 2 

where a± is the stoichiometric coefficient and is determined from the O 2 balance, 
a th = 6 + 1.5 = 7.5 

Then the actual combustion equation with 30% excess air becomes 

C 6 H 6 (g)+ 9.75(0 2 + 3.76N 2 ) > 5.52C0, + 0.48CO + 3H 2 0 + 2.490 2 + 36.66N 2 

The heat transfer for this constant volume combustion process is determined from the energy balance E [n - E out = A £ system 
applied on the combustion chamber with W= 0. It reduces to 

- 2 0Ut = £ N p (h} + h - h° - pu) p - £ N r (h} +h- h° - Pu) R 

Since both the reactants and the products behave as ideal gases, all the internal energy and enthalpies depend on temperature 
only, and the P U terms in this equation can be replaced by R U T. 

It yields 

- 2out = £ N p (h} + h mo K - h 29S K - R„t) p ~Y^N R {h}- R u t) r 

since the reactants are at the standard reference temperature of 25 °C. From the tables, 

hf h 2 9 8 K hlOOO K 


Substance 

kj/kmol 

kj/kmol 

kj/kmol 

C 6 H 6 (g) 

82,930 

— 

— 

o 2 

0 

8682 

31.389 

n 2 

0 

8669 

30,129 

h 2 o go 

-241,820 

9904 

35,882 

CO 

-110,530 

8669 

30,355 

co 2 

-393,520 

9364 

42,769 


Thus, 

-Q out = (5.52X— 393,520 + 42,769 - 9364 - 8.3 14 x lOOO) 

+ (0.48X-1 10,530 + 30,355 -8669 -8.314x1000) 

+ (3X- 24 1,820 + 35,882 - 9904 -8.314x1 000) 

+ (2.49X0 + 3 1,389 - 8682 - 8.3 14 x 1000) 

+ (36.66X0 + 30,129-8669-8.314x1000) 

- (lX82, 930-8. 314x 298)- (9.75X4.76)(-8. 314x298) 
= -2,200,433 kJ 

or Q out = 2,200,433 kJ 
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15-72E A mixture of benzene gas and 60 percent excess air contained in a constant- volume tank is ignited. The heat transfer 
from the combustion chamber is to be determined. 

Assumptions 1 Both the reactants and products are ideal gases. 2 Combustion is complete. 

Analysis The theoretical combustion equation of C 6 H 6 with 
stoichiometric amount of air is 

C 6 H 6 (g)+ a th (0 2 + 3.76N 2 ) > 6C0 2 + 3H 2 0 + 3.76a th N 2 

where a± is the stoichiometric coefficient and is determined from the O 2 balance, 
a th = 6 + 1.5 = 7.5 

Then the actual combustion equation with 60% excess air becomes 

C 6 H 6 (g) + 12(0 2 +3.76N 2 ) »5.52C0 2 + 0.48CO + 3H 2 0 + 4.740 2 +45.12N 2 

The heat transfer for this constant volume combustion process is determined from the energy balance E m - E out - AZs system 
applied on the combustion chamber with W = 0. It reduces to 

- Gout = £ N p (h} + h - h° - pu) p - £ N r (h} +h- h° - Pu) R 

Since both the reactants and the products behave as ideal gases, all the internal energy and enthalpies depend on temperature 
only, and the Pv terms in this equation can be replaced by R U T. 

It yields 

- 2ou, = IX ( /7 Z + W - h 537R - R„t) p -IXte - R » T )r 

since the reactants are at the standard reference temperature of 77°F. From the tables, 


hf h 537R ^2100R 


Substance 

Btu/lbmol 

Btu/lbmol 

Btu/lbmol 

C 6 H 6 (g) 

35,680 

— 

— 

o 2 

0 

3725.1 

16,01 1 

n 2 

0 

3729.5 

15,334 

h 2 o go 

-104,040 

4258.0 

18,467 

CO 

-47,540 

3725.1 

15,463 

co 2 

-169,300 

4027.5 

22,353 


Thus, 

- e out = (5.52)(- 169,300 + 22,353 - 4027.5 - 1.986 x 2100) 

+ (0.48)(- 47,540 + 15,463 - 3725.1 - 1.986 x 2100) 

+ (3 )(- 104,040 + 18,467 - 4258.0 - 1.986 x 2100) 

+ (4.74X0 + 16,01 1 - 3725.1-1.986 x 2100) 

+ (45.12X0 + 15,334 - 3729.5 - 1.986 x 2100) 

- (lX35,680 - 1.986 x 537)- (12X4.76X- 1.986 x 537) 
= -757,400 Btu 

01 Gout = 757,400 Btu 
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15-73 A high efficiency gas furnace bums gaseous propane C3H8 with 140 percent theoretical air. The volume flow rate of 
water condensed from the product gases is to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , 0 2 and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively 
(Table A- 1). 

Analysis The reaction equation for 40% excess air (140% theoretical air) is 
C 3 H 8 + 1.4a th [0 2 + 3.76N 2 ] > B C0 2 + D H 2 0 + E0 2 + F N 2 

where a th is the stoichiometric coefficient for air. We have automatically accounted for the 40% excess air by using the 
factor 1 Aa th instead of a th for air. The coefficient a th and other coefficients are to be determined from the mass balances 
Carbon balance: B = 3 

Hydrogen balance: 2D = 8 » D = 4 

Oxygen balance: 


Q 


C,H, 


Nitrogen balance: 


2 x 1 Aa th =2 B + D + 2 E 
0.4a th = E 
\Aa xh x3.76 = F 


Solving the above equations, we find the coefficients ( E = 2, 

F = 26.32, and = 5) and write the balanced reaction equation as 

C 3 H 8 +7[0 2 +3.76N 2 ]— 


25°C 

Air 
1 

40% excess 


Combustion 

chamber 


Products 

► 


>3 CO 2 + 4H 2 0 + 20 2 +26.32 N 2 


The partial pressure of water in the saturated product mixture at the dew point is 
P v, P rod = P >at@ 40 °c = 7.385 lkPa 
The vapor mole fraction is 


P, 


y v = 


v,prod 


R 


prod 


7.3851 kPa 
100 kPa 


= 0.07385 


The kmoles of water condensed is determined from 


y v = 


N 


water 


N t 


->0.07385 = 


4 -N 


w 


3 + 4 


total, product 

The steady-flow energy balance is expressed as 

^fuel^tf = 2 fuel + ^fuel H P 


N w + 2 + 26.32 


>A W = 1.503 kmol 


where 0 &el = 


Q 


out 


7f u 


mace 


31,650 kJ/h 
0.96 


= 32,969 kJ/h 


Hr ~hf fi,ei@25°c + ^^02@25°c + 26.32 /j n2@25 o C 

= (-103,847 kJ/kmol) + 7(0) + 26.32(0) = -103,847 kJ/kmol 

H P =3/! c0 2@ 25 o C + 4/! H20 @ 25 o C +2/z 02( g 25 o C + 26.32/! N2 @ 25 o C + A^ w V l f H20 ( liq )) 

= 3(-393,520 kJ/kmol) + 4(-241,820 kJ/kmol) + 2(0) + 26.32(0) + 1.503(-285,830 kJ/kmol) 

= -2.577 x 10 6 kJ/kmol 
Substituting into the energy balance equation, 

N fuel^K = 2fuel + N f u el H p 

IV fuel (-103,847 kJ/kmol) = 32,969 kJ/h + jV fue i (-2.577 x 10 6 kJ/kmol) > N fmi = 0.01333 kmol/h 

The molar and mass flow rates of the liquid water are 

A w = A w A fuel =(1.503 kmol/kmolfuel)(0. 01333 kmol fuel/h) = 0.02003 kmol/h 

m w =/V w M w =(0.02003 kmol/h)(18 kg/kmol) = 0.3608 kg/h 
The volume flow rate of liquid water is 

l> w =(</ /@25 o c )»i w =(0.001003 m 3 /kg)(0.3608 kg/h) = 0.0003619 m 3 /h=8.7 L/day 
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15-74 Wheat straw that is being considered as an alternative fuel is tested in a bomb calorimeter. The heating value of this 
straw is to be determined and compared to the higher heating value of propane. 

Assumptions 1 Combustion is complete. 

Analysis The heat released by the combustion is 

Q = mc v AT = (100 kJ/K)(l .8 K) = 180 kJ 


The heating value is then 



m 


180 kJ 
0.010 kg 


= 18,000 kJ/kg 


From Table A-27, the higher heating value of propane is 

HHV = 50,330 kJ/kg 
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Adiabatic Flame Temperature 


15-60 


15-75C For the case of stoichiometric amount of pure oxygen since we have the same amount of chemical energy released 
but a smaller amount of mass to absorb it. 


15-76C Under the conditions of complete combustion with stoichiometric amount of air. 
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15-77 Hydrogen is burned with 50 percent excess air during a steady-flow combustion process. The exit temperature 
of product gases is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 There are no work interactions. 5 The combustion chamber is adiabatic. 

Analysis Adiabatic flame temperature is the temperature at which the products leave the combustion chamber under 
adiabatic conditions ( Q = 0) with no work interactions (W= 0). Under steady-flow conditions the energy balance 
E in - E out = A E tem applied on the combustion chamber reduces to 

+/ * -H +*-*■)* 

The combustion equation of H 2 with 50% excess air is 

H 2 +0.75(O 2 +3.76N 2 ) >H 2 0 + 0.25O 2 + 2.82N 2 

From the tables, 



27°C 

Air 

— 1 . 


Combustion 

chamber 


Products 

► 

T P 


50% excess air y /yyyyyy/yyyyyyy/yyyyyyX ', 
27°C 


Substance 

hf 

kJ/kmol 

^300K 

1*298 K 

kJ/kmol 

kJ/kmol 

h 2 

0 

8522 

8468 

0 2 

0 

8736 

8682 

n 2 

0 

8723 

8669 

h 2 0 fe) 

-241,820 

9966 

9904 


Thus, 

(l)(- 241,820 + /+ 0 - 9904)+ (0.25)(o + h Qi - 8682 )+ (2.82)(o + /+ - 8669 ) 

= (lX0 + 8522 - 8468)+ (0.75X0 + 8736 - 8682)+ (2.82)(0 + 8723 - 8669) 

It yields 

h Hi0 +0.25 h 0i +2.82 h Ni = 278,590 kJ 

The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 278,590/(1 + 0.25 + 2.82) = 68,450 kJ/kmol. This 
enthalpy value corresponds to about 2100 K for N 2 . Noting that the majority of the moles are N 2 , T P will be close to 2100 
K, but somewhat under it because of the higher specific heat of H 2 0. 

At 2000 K: /+ 0 + 0.25+ + 2.82/+ = (l)(82,593)+ (0.25)(67,88l)+ (2.82)(64,810) 

= 282,330 kJ (Higher than 278,590 kj) 

At 1960 K: /+ 0 + 0.25+ + 2.826/+ = (l)(80,555)+ (0.25X66,374)+ (2.82X63,381) 

= 275,880 kJ (Lower than 278,590 kj) 

By interpolation, T P = 1977 K 

Discussion The adiabatic flame temperature cam be obtained by using EES without a trial and error approach. We found the 
temperature to be 1978 K by EES. The results are practically identical. 
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15-78 



Problem 15-77 is reconsidered. This problem is to be modified to include the fuels butane, ethane, methane, 


and propane as well as H2; to include the effects of inlet air and fuel temperatures; and the percent theoretical air supplied. 
Analysis The problem is solved using EES, and the solution is given below. 


Adiabatic Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 

Reaction: CxHy + (y/4 + x) (Theo_air/100) (02 + 3.76 N2) 

<-> xC02 + (y/2) H20 + 3.76 (y/4 + x) (Theo_air/100) N2 + (y/4 + x) (Theo_air/100 - 1) 02 
Tjtrod is the adiabatic combustion temperature, assuming no dissociation. 

Theo_air is the % theoretical air. " "The initial guess value of T_prod = 450K ." 

Procedure Fuel(Fuel$:x,y,Name$) 

"This procedure takes the fuel name and returns the moles of C and moles of FI" 

If fuel$='C2H6' then 
x=2;y=6 

Name$-ethane' 

else 

If fuel$='C3H8' then 
x=3; y=8 

Name$='propane' 

else 

If fuel$='C4H10' then 
x=4; y=10 
Name$='butane' 

else 

if fuel$='CH4' then 
x=1; y=4 

Name$='methane' 

else 

if fuel$='H2' then 
x=0; y=2 

Name$- hydrogen' 
endif; endif; endif; endif; endif 
end 

{"Input data from the diagram window" 

T_fuel = 300 [K] 

T_air= 300 [K] 

Theo_air = 150 "%" 

Fuel$='H2'} 

Call Fuel(fuel$:x,y,Name$) 

HR=enthalpy(Fuel$,T=T_fuel)+ (y/4 + x) *(Theo_air/100) *enthalpy(02,T=T_air)+3.76*(y/4 + x) *(Theo_air/100) 
*enthalpy(N2,T=T_air) 

HP=HR "Adiabatic" 

HP=x*enthalpy(C02,T=T_prod)+(y/2)*enthalpy(H20,T=T_prod)+3.76*(y/4 + x)* 
(Theo_air/100)*enthalpy(N2,T=T_prod)+(y/4 + x) *(Theo_air/100 - 1)*enthalpy(02,T=T_prod) 

Moles_02=(y/4 + x) *(Theo_air/100 - 1) 

Moles_N2=3.76*(y/4 + x)* (Theo_air/100) 

Moles_C02=x; Moles_H20=y/2 

T[1]=T_prod; xa[1]=Theo_air "array variable are plotted in Plot Window 1" 
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Theo air 

[%] 

Tprod 

[K] 

100 

2528 

150 

1978 

200 

1648 

250 

1428 

300 

1271 

350 

1153 

400 

1060 

450 

986.3 

500 

925.5 



Theo air [%] 
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15-79 Acetylene is burned with stoichiometric amount of oxygen. The adiabatic flame temperature is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 There are no work interactions. 5 The combustion chamber is adiabatic. 

Analysis Under steady- flow conditions the energy balance E [n - E out = A E tQm applied on the combustion chamber with 
Q = W= 0 reduces to 


EM* 


:+h-h° = 


EM* 


7 " ! P ~ R\ l f j R 


: +h-h° 


EM* 


f + h - h ° = 


X N R h f,R 


7 - - ip 

since all the reactants are at the standard reference temperature of 25°C. Then, for the stoichiometric oxygen 


C 2 H 2 + 2.50 2 >2 C0 2 + 1H 2 0 


From the tables, 

Substance 

hf 

kJ/kmol 

^298K 

kJ/kmol 

C 2 H 2 (g) 

226,730 

— 

o 2 

0 

8682 

n 2 

0 

8669 

h 2 o (g) 

-241,820 

9904 

co 2 

-393,520 

9364 


c 2 h 2 I 



► 

25°C 

Combustion 

Products 

1 00% theoretical 0 2 

chamber 

\ Tp * 

25°C^ 


Vj 


Thus, 

(2)(- 393,520 + h CQ2 - 9364)+ (1)(- 241,820 + h mo - 9904)= (1)(226,730)+ 0 + 0 
It yields 2/z C02 + l/z H20 = 1,284,220 kJ 

The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 2,284,220/(2+1) = 428,074 kJ/kmol. The ideal gas 
tables do not list enthalpy values this high. Therefore, we cannot use the tables to estimate the adiabatic flame temperature. 
In Table A-2b, the highest available value of specific heat is c p = 1.234 kJ/kg-K for C0 2 at 1000 K. The specific heat of 
water vapor is c p = 1.8723 kJ/kg-K (Table A-2a). Using these specific heat values, 

(2)(- 393,520 + c p AT )+ (1)(- 241,820 + c p AT)= (1)(226,730)+ 0 + 0 

where AT = (T, df - 25)°C . The specific heats on a molar base are 

c p C 02 =c p M = (1 .234 kJ/kg • K)(44 kg/kmol) = 54.3 kJ/kmol • K 
T p mo = c p M = (1 .8723 kJ/kg • K)(l 8 kg/kmol) = 33.7 kJ/kmol • K 

Substituting, 

(2)(- 393,520 + 54.3Ar)+ (1)(— 241,820 + 33.7A7) = 226,730 

(2 x 54.3)A7 + 33.7 AT = 1,255,590 

A7= 1,255,590 kJ/kmol =gg24K 

(2x54.3 + 33.7) kJ/kmol K 


Then the adiabatic flame temperature is estimated as 
r af =AT + 25 = 8824 + 25 = 8849°C 
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15-80 Propane is burned with stoichiometric and 50 percent excess air. The adiabatic flame temperature is to be determined 
for both cases. 

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 There are no work interactions. 5 The combustion chamber is adiabatic. 


Analysis Under steady- flow conditions the energy balance E [n - E out = A£ system applied on the combustion chamber with 
Q = W= 0 reduces to 

X n p fc + Ti - + L = Z N * fc + Ti - /? ° L — * Z n p fc +Ti ~ /T ° t = Z +++ 

since all the reactants are at the standard reference temperature of 25°C. Then, for the stoicihiometric air 


C 3 H 8 +a th (0 2 +3.76N 2 ) >3 C0 2 + 4 H 2 0 + a th x3.76N 2 


where a th is the stoichiometric coefficient and is determined from the 0 2 balance, 
a [h =3 + 2 = 5 


Thus, 


c 3 h 8 




25°C 

Combustion 

Products 

C 3 H 8 + 5 (0 2 + 3.76 N 2 ) — 

— >3 C0 2 + 4 H 2 0 + 18.8 N 2 

Air 

chamber 

| T P * 

From the tables, 


1 00% ^ 

theoretical air 



n, 

^298K 




Substance 

kJ/kmol 

kJ/kmol 

C 3 H 8 (g) 

-103,850 

— 

o 2 

0 

8682 

n 2 

0 

8669 

h 2 o (g) 

-241,820 

9904 

co 2 

-393,520 

9364 


Thus, 

(3)(- 393,520 + h CQ2 - 9364)+ (4)(- 241,820 + h mo -9904)+(18.8)(o + /7 N2 - 8669)= (1)(- 103, 850) + 0 + 0 
It yields 3/z co 2 + 4 Vo +18.8 h m = 2,274,680 kJ 

The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 2,274,680/(3 + 4 + 18.8) = 88,166 kJ/kmol. This 
enthalpy value corresponds to about 2650 K for N 2 . Noting that the majority of the moles are N 2 , T P will be close to 2650 K, 
but somewhat under it because of the higher specific heat of H 2 0. 

At 2500 K: 

3h, C 02 + 4h mo + 18.8V = 3 x 131,290 + 4 x 108,868 + 18.8 x 82,981 

= 2,389,380 kJ (Higher than 2,274,680 kJ) 

At 2450 K: 

3h C02 +4V 0 + 18.8V = 3 x 128,219 + 4 x 106,183 + 18.8 x 81,149 

= 2,334,990 kJ (Higher than 2,274,680 kJ) 

At 2400 K: 

3 h C02 +4 V 0 +1 8.8/7 N2 =3x125,152 + 4x103,508 + 18.8x79,320 

= 2,280,704 kJ (Higher than 2,274,680 kJ) 
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At 2350 K: 

3 h C02 + 4* H20 + 18.8* N2 = 3 x 122,091 + 4 x 100,846 + 18.8 x 77,496 

= 2,226,580 kJ (Lower than 2,274,680 kJ) 

By interpolation of the two results, 

T P = 2394 K = 2121°C 


When propane is burned with 50% excess air , the reaction equation may be written as 

C 3 H 8 +1.5x<2 th (0 2 + 3.76N 2 ) >3C0 2 + 4H 2 0 + 0.5 x <2 th 0 2 + 1.5xa th x3.76N 2 

where a th is the stoichiometric coefficient and is determined from the 0 2 balance, 


1 .5 a th = 3 + 2 + 0.5a th > a th = 5 

Thus, 

C 3 H 8 + 7.5(0 2 + 3.76N 2 ) >3C0 2 + 4H 2 0 + 2.50 2 + 28.2N 2 

Using the values in the table, 



25°C 


(3)(- 393,520 + h CQ2 - 9364)+ (4)(- 241,820 + h mo - 9904)+ (2.5)(o + h Q2 - 8682) 
+ (28.2)(0 + /7 n2 - 8669)= (lX- 103,850) + 0 + 0 


It yields ^^C 02 + ^h m o + 2.5/i 0 2 + 28.2 h m = 2,377,870 kJ 

The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 2,377,870/(3+4+2.5+28.2) = 63,073 kJ/kmol. This 
enthalpy value corresponds to about 1960 K for N 2 . Noting that the majority of the moles are N 2 , T P will be close to 1960 K, 
but somewhat under it because of the higher specific heat of H 2 0. 

At 1800 K: 

3AC02 +4 ^H20 +2.5*02 +28.2* N2 =3x88,806 + 4x72,513 + 2.5x60,371 + 28.2x57,651 

= 2,333,1 60 kJ (Lower than 2,377,870 kJ) 

At 1840 K: 

3*co2 + 4 ^H 20 + 2.5*02 + 28.2* N2 = 3 x 91,196 + 4 x 74,506 + 2.5 x 61,866 + 28.2 x 59,075 

= 2,392,190 kJ (Higher than 2,377,870 kJ) 

By interpolation, 

T P = 1830 K = 1557°C 
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15-81 Octane is burned with 40 percent excess air adiabatically during a steady-flow combustion process. The exit 
temperature of product gases is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air and 
combustion gases are ideal gases. 3 Kinetic and potential energies are 
negligible. 4 There are no work interactions. 5 The combustion 
chamber is adiabatic. 

Analysis Under steady- flow conditions the energy balance 
E- m - E out = AE tem applied on the combustion chamber 

with Q = W = 0 reduces to 

2>p(+ +h~h°) p +T '-^) r 



307°C 


since all the reactants are at the standard reference temperature of 25°C. Then, 

C 8 H 18 (/)+1.4fl th (0 2 +3.76N 2 ) >8C0 2 + 9H 2 0 + O.4o th 0 2 + (l.4)(3.76)a th N 2 


where a t h is the stoichiometric coefficient and is determined from the O 2 balance, 


1.4<z th = 8 + 4.5 + 0.4a th > a th =12.5 

Thus, C 8 H 18 (g)+17.5(0 2 +3.76N 2 ) >8C0 2 +9H 2 0 + 50 2 +65.8N 2 

From the tables, 


Substance 

hf 

kJ/kmol 

^298K 

kJ/kmol 

^580K 

kJ/kmol 

c 8 h 18 (/) 

-249,950 

— 

— 

o 2 

0 

8682 

17.290 

n 2 

0 

8669 

16,962 

h 2 o go 

-241,820 

9904 

— 

co 2 

-393,520 

9364 

— 


Thus, 

(8)(- 393,520 + h C02 - 9364)+ (9)(- 24 1,820 + h mo -9904)+ (5 )(o + /7 02 - 8682 ) 

+ (65.8)(o + h m - 8669)= (l)(- 249,950)+ (l7.5)(0 + 17,290 - 8682)+ (65.8)(1 6,962 - 8669) 

It yields 8/r C02 + 9/% 20 + 5/r 02 + 65.8 h m = 6,548,788 kJ 

The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 6,548,788/(8 + 9 + 5 + 65.8) = 74,588 kJ/kmol. This 
enthalpy value corresponds to about 2250 K for N 2 . Noting that the majority of the moles are N 2 , T P will be close to 2250 
K, but somewhat under it because of the higher specific heat of H 2 0. 

At 2100 K: 

Sh C02 + 9h mo +5/^q 2 +65. 8/^ N2 =(8X106,864)+ (9X87,735)+ (5X71,668)+ (65.8X68,417) 

= 6,504,706 kJ (Lower than 6,548,788 kj) 

At 2150 K: 

8/*co 2 +9/^20 +5*02 +65.8^ = faX 1 ° 9 , 898)+ (9)(90,330)+ (5 )(73, 573)+ (65.8X70,226) 

= 6,680,890 kJ (Higher than 6,548,788 kj) 

By interpolation, 

T P = 2113 K = 1840°C 
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15-82 A certain coal is burned with 100 percent excess air adiabatically during a steady- flow combustion process. The 
temperature of product gases is to be determined for complete combustion and incomplete combustion cases. 

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 There are no work interactions. 5 The combustion chamber is adiabatic. 

Properties The molar masses of C, H 2 , N 2 , 0 2 , S, and air are 12, 2, 28, 32, 32, and 29 kg/kmol, respectively (Table A-l). 

Analysis We consider 100 kg of coal for simplicity. Noting that the mass percentages in this case correspond to the masses 
of the constituents, the mole numbers of the constituent of the coal are determined to be 


N c 

-^H2 

^02 

Ks 


m 


c 84.36 kg 


M c " 

1 2 kg/kmol 

m m 

1.89 kg 

M m 

2 kg/kmol 

m 02 

4.40 kg 

M 02 

32 kg/kmol 

m N2 

0.63 kg 

M N2 

28 kg/kmol 

m S __ 

0.89 kg 


= 1.03 kmol 


= 0.945 kmol 


= 0.1375 kmol 


M s 32 kg/kmol 


= 0.0225 kmol 


= 0.0278 kmol 


84.36% C 
1.89% H 2 
4.40% 0 2 
0.63% N 2 
0.89% S 
7.83% ash 
(by mass) 


The mole number of the mixture and the mole fractions are 


N m = 7.03 + 0.945 + 0. 1375 + 0.0225 + 0.0278 = 8.163 kmol 


Tc 

3^2 

y 02 
y N2 

^S 


N 

N 

N 


c 


m 


7.03 kmol 
8.163 kmol 


= 0.861 1 


H2 


N 


m 


0.945 kmol 
8.163 kmol 


= 0.1 158 


N 


02 


N 


N 


m 


N2 


N 


m 


0.1375 kmol 
8.163 kmol 
0.0225 kmol 
8.163 kmol 


= 0.01684 


= 0.00276 


N s _ 0.0278 kmol 
N m 8.163 kmol 


= 0.003407 


£ oa l YYYYYYYYYYYYYYYYYYYYYY 


25 °C 


100% excess air 

► 

25°C 


Combustion 
chamber 


C0 2 , CO, H 2 0 

so 2 , o 2 , n 2 

Tprod 


Ash consists of the non-combustible matter in coal. Therefore, the mass of ash content that enters the combustion chamber 
is equal to the mass content that leaves. Disregarding this non-reacting component for simplicity, the combustion equation 
may be written as 

0.861 1C + 0.1 158H 2 +0.016840 2 +0.00276N 2 + 0.00341S + 2a th (0 2 + 3.76N 2 ) 

»x( 0.97CO 2 + 0.03CO) + yH 2 0 + zS0 2 +kN 2 +a th 0 2 

According to the species balances, 

C balance: x = 0.8611 
H 2 balance: y = 0.1 158 
S balance: z = 0.00341 
0 2 balance: 

0.01684 + 2 a th = 0.91 x + 0.015.x: + 0.5y + z + a th 

a th = (0.97X0.861 1) + (0.0 1 5)(0. 86 1 1) + (0.5)(0.1 158) + 0.00341 - 0.01684 = 0.8927 
N 2 balance : 0.00276 + 2 x 3.16a xh = k > k = 0.00276 + 2 x 3.76 x 0.8927 = 6.72 
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Substituting, 

0.861 1C + 0.1 158H 2 +0.016840 2 +0.00276N 2 + 0.003407S + 1.785(0 2 + 3.76N 2 ) 

>0.8353CO 2 + 0.0258CO + 0.1 158H 2 0 + 0.00341S0 2 + 6.72N 2 + 0.8927O 2 


Under steady-flow conditions the energy balance E m - E out = AZs tem applied on the combustion chamber with Q = W= 0 
reduces to 


Z" 


PK h}+h-h° 


Z" 


R yhj +h-h 


R 


z« 


PX h} +h-h° 


Z" 


h ° 

R n f,R 


From the tables, 



h 


298K 


Substance 

kJ/kmol 

kJ/kmol 

o 2 

0 

8682 

n 2 

0 

8669 

h 2 0 (g) 

-241,820 

9904 

CO 

-110,530 

8669 

co 2 

-110,530 

8669 


Thus, 

(0.8353)(- 393,520 + h CQ2 - 9364)+ (0.0258)(- 1 10,530 + h co - 8669)+ (0.1 158)(- 241,820 + h mo -9904) 
+ (0.8927)(0 + h 02 - 8682)+ (6.72 )(o + /7 n2 -8669)=0 

It yields 0.8353 h CQ2 + 0.0258/i co + 0.1 158 h mo + 0.8927 h Q2 + 6.72 h m = 434,760 kJ 


The product temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right-hand side 
of the equation by the total number of moles, which yields 

434,760/(0.8353+0.0258+0.1158+0.00341+6.72+0.8927) = 50,595 kJ/kmol. 

This enthalpy value corresponds to about 1600 K for N 2 . Noting that the majority of the moles are N 2 , T P will be close to 
1600 K, but somewhat under it because of the higher specific heat of H 2 0. 

At 1500 K: 


0.8353 h C Q 2 + 0.0258/z co +0.1 158 h^o + 0.9095 /zq 2 + 6.842/z^ 

= (0.8353)(71,078) + (0.0258)(47,517) + (0.1 158)(57,999) + (0.8927)(49,292) + (6.72)(47,073) 
= 427,647 kJ (Lower than 434,760 kJ) 

At 1520 K: 


0.8353/z CO2 + 0.025 8/z^q +0.1158/z^ 2 q +0.9095 /zq 2 +6.842 h^2 

= (0.8353)(72,246) + (0.0258)(48,222) + (0.1 158)(58,942) + (0.8927)(50,024) + (6.72)(47,771) 
= 434,094 kJ (Lower than 434,760 kJ) 

By extrapolation, T P = 1522 K = 1249 °C 

We repeat the calculations for the complete combustion now: 

The combustion equation in this case may be written as 

0.861 1C + 0.1 158H 2 +0.016840 2 +0.00276N 2 + 0.00341S + 2a th (0 2 +3.76N 2 ) 

>xC0 2 + yH 2 0 + zS0 2 + kN 2 + a th 0 2 

According to the species balances, 
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C balance: x = 0.8611 
H 2 balance: y = 0.1 158 
S balance: z — 0.00341 
0 2 balance: 

0.01684 + 2 a th = x + 0.5 y + z + a th >a th = 0.861 1 + (0.5)(0.1 158) + 0.00341 - 0.01684 - 0.9056 

N 2 balance : 0.00276 + 2 x 3.7 6a th = k >k = 0.00276 + 2 x 3.76 x 0.9056 = 6.8 1 

Substituting, 

0.861 1C + 0.1 158H 2 + 0.016840 2 + 0.00276N 2 + 0.003407S + 1.819(0 2 + 3.76N 2 ) 

>0.861 1C0 2 +0.1 158H 2 0 + 0.00341S0 2 + 6.81N 2 + 0.90560 2 


Under steady-flow conditions the energy balance E in - E out = AE system applied on the combustion chamber with Q = W = 0 
reduces to 




py h° f +h-h° 


2 > 


R yhf +h - h 


R 




h} +h-h° 




R h f,R 


From the tables, 


Substance 


hf 

kj/kmol 


^298K 

kj/kmol 


0 2 0 8682 

N 2 0 8669 

H 2 0 (g) -241,820 9904 

CO -110,530 8669 

C0 2 0 8682 

Thus, 


(0.861 1)(— 393,520 + h C02 - 9364)+ (0.1 158)(- 241,820 + h mo - 9904) 
+ (0.9056)(0 + /7 O2 -8682) + (6.8 l)(o + /7 N2 -8669)=0 

It yields 0.8611 h C02 +0.1158 h mo +0.905 6h Q2 +6.81 h m = 442,97 1 k J 


The product temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right-hand side 
of the equation by the total number of moles, which yields 

442,971/(0.861 1+0.1 158+0.00341+6.81+0.9056) = 50,940 kJ/kmol. 

This enthalpy value corresponds to about 1600 K for N 2 . Noting that the majority of the moles are N 2 , T P will be close to 
1600 K, but somewhat under it because of the higher specific heat of H 2 0. 

At 1500 K: 

0.8611 h C02 + 0.1 158/z H20 +0.905 6h 02 +6.81 h N2 
= (0.8611)(71,078) + (0.1158)(57,999) + (0.9056)(49,292) + (6.8 1)(47,073) 

= 433,128 kJ (Lower than 442,971 kJ) 

At 1520 K: 

0.8611 h C02 + 0.1 158/z H20 +0.905 6h 02 +6.81 h N2 
= (0.8611)(72,246) + (0. 1 158)(58,942) + (0.9056)(50,024) + (6.8 1)(47,771) 

= 439,658 kJ (Lower than 442,971 kJ) 

By extrapolation, T P = 1530 K = 1257°C 
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15-83 A mixture of hydrogen and the stoichiometric amount of air contained in a constant-volume tank is ignited. The final 
temperature in the tank is to be determined. 

Assumptions 1 The tank is adiabatic. 2 Both the reactants and products are ideal gases. 3 There are no work interactions. 4 
Combustion is complete. 

Analysis The combustion equation of H 2 with stoichiometric amount of air is 
H 2 + 0.5 (o 2 + 3.76N 2 ) > H 2 0 + 1.88N, 

The final temperature in the tank is determined from the energy balance relation 
E m - E out = AE S tem for reacting closed systems under adiabatic conditions ( Q = 0) 

with no work interactions (W= 0), 

+h-h°-pu) r = X vfc +h-h°-Pu) R 

Since both the reactants and the products behave as ideal gases, all the internal energy and enthalpies depend on temperature 
only, and the P c7 terms in this equation can be replaced by R U T. 

It yields 

X^fc + K ~hmK -R u t) p =^N r ^}R u t) r 

since the reactants are at the standard reference temperature of 25 °C. From the tables, 


Substance 

hf 

kj/kmol 

^298 K 

kj/kmol 

h 2 

0 

8468 

o 2 

0 

8682 

n 2 

0 

8669 

h 2 o (g) 

-241,820 

9904 


Thus, 

(l)(- 241,820 + Vo - 9904 - 8.3 14 x T P )+ (l ,88)(o + V - 8669 - 8.3 14 x T P ) 

= (lX0-8.314x 298)+ (0.5X0 -8.314x298)+ (l.88X0 -8.314x298) 

It yields ^u 2 o + 1-88/i N 2 _ 23.94 x T P = 259,648 kJ 

The temperature of the product gases is obtained from a trial and error solution, 

At 3050 K: h Hi0 +\Mh^ 2 -23.94 x7> = (l)(l 39,05 l)+(l.88Xl03,260)- (23.94X3050) 

= 260,163 kJ (Higher than 259,648 kj) 

At 3000 K: h H ^ 0 +1.88/^ -23.94 xT P = (lXl36,264)+ (l.88Xl01,407)- (23.94)(3000) 

= 255,089 kJ (Lower than 259,648 kj) 

By interpolation, T P = 3045 K 
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15-84 Methane is burned with 300 percent excess air adiabatically in a constant volume container. The final pressure and 
temperature of product gases are to be determined. 

Assumptions 1 Air and combustion gases are ideal gases. 3 Kinetic and potential energies are negligible. 4 There are no 
work interactions. 5 The combustion chamber is adiabatic. 

Analysis The combustion equation is 

CH 4 +4a th [o 2 +3.76N 2 ] »C0 2 + 2 H 2 0 + 4a th x 3.76 N 2 + 3a th 0 2 

where a± is the stoichiometric coefficient and is determined from the O 2 balance, 

4 a th = 1 + 1 + 3 a th > a th = 2 

Substituting, CH 4 +8[0 2 +3.76N 2 ] >C0 2 + 2 H 2 0 + 30.08 N 2 +60 2 

For this constant-volume process, the energy balance E m - E out = AE S tem applied on the combustion chamber with 
Q = W= 0 reduces to 

+ h-h° -Pu) p =Y J N R (h} +h-h° -Pv) R 

Since both the reactants and products are assumed to be ideal gases, all the internal energy and enthalpies depend on 
temperature only, and the Pi 7 terms in this equation can be replaced by R U T. It yields 

+h-h° - R u t) p =Y j N r ( h} +h-h°-Rj) R 



From the tables, 

Substance 


hf 

kj/kmol 


^298K 

kj/kmol 


CH 4 (g) -74,850 

0 2 0 8682 

N 2 0 8669 

H 2 0 (g) -241,820 9904 

C0 2 -393,520 9364 

Thus, 

(l)(- 393,520 + h cm - 9364 - 8.3 14 x T p )+ (2)(- 241,820 + h mo - 9904 - 8.3 14 x T p ) 

+ (6)(o + h 02 - 8682 - 8.3 I4x7' p ) + (30.08)(o + /7 N2 - 8669 - 8.3 14 x T p ) 

= (l)(- 74,850 - 8.3 14 x 298)+ (8)(0 - 8.3 14 x 298)+ (30.08)(-8.3 14 x 298) 

It yields h CQ2 + 2/7 H20 + 6/7 02 + 30.08/7 N2 - 324.97^ = -171,674 + 1,219,188 = 1,047,514 kJ 

The adiabatic flame temperature is obtained from a trial and error solution. A first guess may be obtained by assuming all 
the products are nitrogen and using nitrogen enthalpy in the above equation. That is, 

39.08/^2 - 324.9T /? = 1,047,514 kJ 


An investigation of Table A- 18 shows that this equation is satisfied at a temperature close to 1200 K but it will be somewhat 
under it because of the higher specific heat of H 2 0. 

(48,258) + (2)(40,071) + (6)(34,899) + (30.08)(33,426) - (324.9)(1 100) = 985,858 

(Lower than 1,047,5 14 kJ) 

(53,848) + (2)(44,380) + (6)(38,447) + (30.08)(36,777) - (324.9)(1200) = 1,089,662 

(Higher than 1,047,5 14 kJ) 


At 1100 K: 
At 1200 K: 


By interpolation, T P = 1159 K 

The volume of reactants when 1 kmol of fuel is burned is 


u u u (KJ Ki X R u r n 7 0 A 0 ), n (8.314 kJ/kmol -K)(298K) 0 _. 0 3 

V = ‘'fuel + ‘'air = (^fuel + ^air = (1 + 38.08) kmol) — = 955.8 m J 

P 101.3 kPa 


The final pressure is then 

d r r 

P = N " 


(/ 


= (39.08k m ol) (8 - 314kJ/kmol - K) ( 1159K) = 394 kPa 

955.8 m 3 
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Entropy Change and Second Law Analysis of Reacting Systems 

15-85C Assuming the system exchanges heat with the surroundings at T 0 , the increase-in-entropy principle can be 
expressed as 

^gen = ^ NpSp ~ ^ N r S r + ° Ut 

1 0 


15-86C By subtracting R\n(P/P 0 ) from the tabulated value at 1 atm. Here P is the actual pressure of the substance and Po is 
the atmospheric pressure. 


15-87C It represents the reversible work associated with the formation of that compound. 


15-88 Hydrogen is burned steadily with oxygen. The reversible work and exergy destruction (or irreversibility) are to be 
determined. 

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 

Analysis The combustion equation is 
2H 2 + 10 2 >2H 2 0. 

The H 2 , the 0 2 , and the H 2 0 are at 25 °C and 1 atm, which is the standard reference state and also the state of the 
surroundings. Therefore, the reversible work in this case is simply the difference between the Gibbs function of formation 
of the reactants and that of the products, 

^rev = R g f R - p g f p = A / ’h 2 <?/,H 2 +A / 0 2 £/,0 2 ” ^H 2 o£ /,H 2 0 = _ ^H 2 o£/,H 2 0 

= -(2 kmol)(- 237, 1 80 kJ/kmol) = 474,360 kJ (for 2 kmol of H 2 ) 

since the g° f - of stable elements at 25°C and 1 atm is zero. Therefore, 474,360 kJ of work could be done as 2 kmol of H 2 is 

burned with 1 kmol of 0 2 at 25°C and 1 atm in an environment at the same state. The reversible work in this case 
represents the exergy of the reactants since the product (the H 2 0) is at the state of the surroundings. 

This process involves no actual work. Therefore, the reversible work and exergy destruction are identical, 

^destruction = 474,360 kJ (for 2 kmol of H 2 ) 

We could also determine the reversible work without involving the Gibbs function, 

^rev = 2A* fc + * " h° - T 0 s\ ~Y j N P fc +Tl ~ Tl ° - T A 

= - t A-1l n A - t A 

= N A}-T<A 2 +N o 2 ( h f- T o r )o 2 -vl'v-vl. 

Substituting, 

W rev = (2X0 - 298 X 130.58)+ (l)(0 - 298 x 205.03)- (2 X~ 285,830 - 298 x 69.92)= 474,400 kJ 
which is almost identical to the result obtained before. 
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15-89 Ethylene gas is burned steadily with 20 percent excess air. The temperature of products, the entropy generation, and 
the exergy destruction (or irreversibility) are to be determined. 

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 

Analysis (a) The fuel is burned completely with the excess air, and thus the products will contain only C0 2 , H 2 0, N 2 , and 
some free 0 2 . Considering 1 kmol of C 2 H 4 , the combustion equation can be written as 

C 2 H 4 (g)+ 1.2a th (0 2 + 3.76N 2 ) > 2C0 2 + 2H 2 0 + 0.2a th O 2 + (l .2X 3 - 76 K N 2 

where a t h is the stoichiometric coefficient and is determined from the 0 2 balance, 


1 .2 a th = 2 + 1 + 0.2 a th > a th = 3 


Thus, 

C 2 H 4 (^)+3.6(0 2 +3.76N 2 ) > 2C0 2 + 2H 2 0 + 0.6O 2 + 13.54N 2 

Under steady-flow conditions, the exit temperature of the product gases 
can be determined from the steady-flow energy equation, which reduces 
to 


C 2 H 4 


25°C 

Air 

20% excess air 
25°C 


Combustion 

chamber 


Products 

► 

T P 


Y^N P {h} + h-h\=^ N R h° LR ={N h }\ 

since all the reactants are at the standard reference state, and for 0 2 and N 2 . 


/c 2 h 4 


From the tables, 


Substance 


hf 

kj/kmol 


^298 K 

kj/kmol 


c 2 H 4 go 

52,280 

— 

o 2 

0 

8682 

n 2 

0 

8669 

h 2 0 (g) 

-241,820 

9904 

co 2 

-393,520 

9364 


Substituting, 

(2 )(- 393,520 + /T COi -9364)+ (2 )(- 241,820 + /T Hi0 -9904) 

+ (0.6)(0 + /7 o , -8682)+(13.54 )(o + /7 Ni - 8669)= (l)(52,280) 

or, 2/z COo +2 /z h ^ 0 + 0.6/z Oi + 1 3.54/z N = 1,484,083 kJ 

By trial and error, 

T P = 2269.6 K 

( b ) The entropy generation during this adiabatic process is determined from 
^gen = Sp ~ S R = ^ NpSp ~ ^ N R S R 

The C 2 H 4 is at 25°C and 1 atm, and thus its absolute entropy is 219.83 kJ/kmol-K (Table A-26). The entropy values listed 
in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total pressure of 1 atm, but the 
entropies are to be calculated at the partial pressure of the components which is equal to P, = yj P total , where y ; is the mole 
fraction of component i . Also, 

S i = TV,. J,- (T, P t ) = TV,- (j; (T, P 0 )-R„ ln() h P m )) 
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The entropy calculations can be presented in tabular form as 



Ni 

yi 

Si°(T,latm) 

R u in(yiPm) 

NjSi 

C2H4 

1 

1.00 

219.83 

— 

219.83 

o 2 

3.6 

0.21 

205.14 

- 1 2.98 

784.87 

n 2 

13.54 

0.79 

191.61 

-1.96 

2620.94 





Sr 

= 3625.64 kJ/K 

co 2 

2 

0.1103 

316.881 

-18.329 

670.42 

h 2 o 

2 

0.1103 

271.134 

-18.329 

578.93 

0 2 

0.6 

0.0331 

273.467 

-28.336 

181.08 

n 2 

13.54 

0.7464 

256.541 

-2.432 

3506.49 


S P = 4936.92 kJ/K 


Thus, 

•S' gen =S P -S R =4936.92-3625.64 = 1311.28 kj/kmol K 
and 

(c) ^destroyed = T o s S m = (298 K)(l3 1 1 .28 kJ/kmol- K C 2 H 4 ) = 390,760 kj (perkmolC 2 H 4 ) 
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15-90 Liquid octane is burned steadily with 50 percent excess air. The heat transfer rate from the combustion chamber, the 
entropy generation rate, and the reversible work and exergy destruction rate are to be determined. 

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 

Analysis (a) The fuel is burned completely with the excess air, and thus the products will contain only C0 2 , H 2 0, N 2 , and 
some free 0 2 . Considering 1 kmol C 8 F1 i 8 , the combustion equation can be written as 

C 8 H 18 (f)+1.5a th (0 2 +3.76N 2 ) > 8C0 2 + 9H 2 0 + 0.5a th O 2 + (l.5)(3.76)a t hN 2 

where a t h is the stoichiometric coefficient and is determined from the 0 2 balance, 


l.5a {h = 8 + 4.5 + 0.5<2 th > <3 th =12.5 


Thus, 


C 8 H 18 (f) + 18.75(0 2 +3.76N 2 ) > 8C0 2 + 9H 2 0 + 6.250 2 + 70.5N 2 

Under steady-flow conditions the energy balance E [n - E out = AE tem applied on the combustion chamber with W = 0 
reduces to 


-Govt = ^N P (h}+h~h 

since all of the reactants are at 25°C. 
From the tables, 


° ) P - Z N * ( h °f +h - h °l=T N r ,l b ~ Z N * h °f* 

Assuming the air and the combustion products to be ideal gases, we have h = h(T). 


h f ° 


Substance 

kJ/kmol 

c 8 h 18 (P) 

-249,950 

o 2 

0 

n 2 

0 

h 2 o (0 

-285,830 

co 2 

-393,520 


T 0 = 298 K 


Q 


C 8 H 18 (l) 
25°C 
Air 

50% excess air 
25°C 


t 

Combustion 

chamber 


Products 

25°C 


Substituting, 

-Q om = (8)(-393,520)+(9)(-285,830)+0 + 0-(l)(-249,950)-0-0 = -5,470,680 kJ/kmol of C 8 H 18 or 


Q out = 5,470,680 kJ/kmol of C 8 H 18 
The C 8 Hj 8 is burned at a rate of 0.25 kg/min or 


N = 


m 


0.25 kg/min 


M [(8)(l2)+(l8Xl)]kg/kmol 


= 2.193x10 


-3 


kmol/min 


Thus, 

Gout =^Gout =(2.193x10 3 kmol/min)(5,470,680 kJ/kmol) = 11,997 kj/min 

The heat transfer for this process is also equivalent to the enthalpy of combustion of liquid C 8 H] 8 , which could easily be de 
determined from Table A-27 to be h c = 5,470,740 kJ/kmol C 8 H I8 . 

( b ) The entropy generation during this process is determined from 


S irort — S p S ft + 


Q 


out 


gen 


T 


* ^gen “ NpSp I R S R + 


a 


out 


SUIT 


T 


surr 
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The CgHig is at 25°C and 1 atm, and thus its absolute entropy is s c „ = 360.79 kJ/kmol.K (Table A-26). The entropy 

8 A1 18 

values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total pressure of 1 atm, 
but the entropies are to be calculated at the partial pressure of the components which is equal to P t = y- x P t ota i, where y; is the 
mole fraction of component i. Also, 

Si = N& {T, P, ) = N i (i; {T, P 0 )-R u ln(y t P m )) 

The entropy calculations can be presented in tabular form as 



Ni 

y s 

Sj 0 (T,latm) 

R >(yi p m) 

NiSj 

c 8 h 18 

1 

1.00 

360.79 

— 

360.79 

o 2 

18.75 

0.21 

205.14 

-12.98 

4089.75 

n 2 

70.50 

0.79 

191.61 

-1.96 

13646.69 

S R = 18,097.23 kJ/K 

co 2 

8 

0.0944 

213.80 

-19.62 

1867.3 

H 2 o (t) 

9 

— 

69.92 

— 

629.3 

0 2 

6.25 

0.0737 

205.04 

-21.68 

1417.6 

N 2 

70.50 

0.8319 

191.61 

-1.53 

13,616.3 


S P = 17,531 kJ/K 


Thus, 


s = S P -S R - 17 531-18,097 + 5,470,523 kJ = 17,798 kJ/kmol-K 

gen P R T sm 298 K 

and 

5 gen = /VS gen -(2.193x10 3 kmol/minf 7,798 kJ/kmol • K) = 39.03 kj/min • K 
(c) The exergy destruction rate associated with this process is determined from 

-^destroyed = 7 ’o^ g e„ = (298 k)( 39.03 kJ/min • k) = 1 1 ,632 kJ/min = 193.9 kW 
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15-91E Benzene gas is burned steadily with 90 percent theoretical air. The heat transfer rate from the combustion chamber 
and the exergy destruction are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air and the combustion gases are ideal gases. 3 Changes in kinetic and 
potential energies are negligible. 


Analysis (a) The fuel is burned with insufficient amount of air, and thus the products will contain some CO as well as C0 2 , 
H 2 0, and N 2 . The theoretical combustion equation of C 6 H 6 is 


C 6 H 6 + fl th (0 2 + 3.76N 2 ) > 6C0 2 + 3H 2 0 + 3.76a th N 2 

where a t h is the stoichiometric coefficient and is determined from the 0 2 
balance, 

a th = 6 + 1.5 = 7.5 


C 6 H 6 

77°F 

Air 

90% theoretical 


/ 

Combustion 

chamber 


Products 

► 


1900 R 


Then the actual combustion equation can be written as 


77°F 


C 6 H 6 +(0.90X7.5)(0 2 +3.76N 2 ) >xC0 2 + (6-x)C0 + 3H 2 0 + 25.38N 2 


The value of x is determined from an 0 2 balance, 

(0.90X7.5)= x + (6 -x)/2 + 1.5 > x = 4.5 

Thus, 


C 6 H 6 + 6.75(0 2 + 3.76N 2 ) »4.5C0 2 + 1.5CO + 3H 2 0 + 25.38N 2 

Under steady-flow conditions the energy balance E in - E oui = A£ system applied on the combustion chamber with W = 0 
reduces to 


Gout “ ^ Np 


p \hj +h -h 


- 2 > 


R \hj +h - h 


R 


-z> 


P yhj +h -h 


- 2 > 


R^f,R 


since all of the reactants are at 77°F. Assuming the air and the combustion products to be ideal gases, we have h = h(T). 
From the tables, 


Substance 

h; 

Btu/lbmol 

^537 R 

Btu/lbmol 

hl900R 

Btu/lbmol 

o,H 6 (g) 

35,680 

— 

— 

o 2 

0 

3725.1 

14.322 

n 2 

0 

3729.5 

13,742 

h 2 0 (g) 

-104,040 

4258.0 

16,428 

CO 

-47,540 

3725.1 

13,850 

co 2 

-169,300 

4027.5 

19,698 


Thus, 

- Q out = (4.5X- 169,300 + 19,698 - 4027.5) + (l .5)(- 47,540 + 13,850 - 3725. l) 

+ (3 X- 104,040 + 16,428 - 4258)+ (25.38)(0 + 13,742 - 3729.5)- (l)(35,680)- 0 - 0 

= -804,630 Btu/lbmol of C 6 H 6 

(b) The entropy generation during this process is determined from 
^gen = S p ~ S R + — — = ^ NpSp ~ ^ N r S r + 

1 surr 1 surr 
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The C 6 H 6 is at 77°F and 1 atm, and thus its absolute entropy is ,s c H = 64.34 Btu/lbmolR (Table A-26E). The entropy 

values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total pressure of 1 atm, 
but the entropies are to be calculated at the partial pressure of the components which is equal to P, = yi P to tai, where y; is the 
mole fraction of component i. Also, 

Si = N,s, (T, P, ) = Nj (s- (T, P q )-R u In {y.P m )) 

The entropy calculations can be presented in tabular form as 



Ni 

y s 

Sj^latm) 

RXyTj N iSi 

QH 6 

1 

1.00 

64.34 

— 

64.34 

o 2 

6.75 

0.21 

49.00 

-3.10 

351.68 

n 2 

25.38 

0.79 

45.77 

-0.47 

1173.57 

S R = 1589.59 Btu/R 

co 2 

4.5 

0.1309 

64.999 

-4.038 

310.67 

CO 

1.5 

0.0436 

56.509 

-6.222 

94.10 

H 2 0 (g) 

3 

0.0873 

56.097 

-4.843 

182.82 

n 2 

25.38 

0.7382 

54.896 

-0.603 

1408.56 


= 1996.15 Btu/R 


Thus, 

\ =Sp -S R +^- = 1996.15-1589.59+ 804 - 63Q =1904.9 Btu/R 

gCIl r rr T 

1 surr D J / 

Then the exergy destroyed is determined from 

X destroyed = -^o^gen =(537 R)(l904.9 Btu/lbmol- R) = 1 , 022,950 Btu/R (per lbmolC 6 H 6 ) 
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15-92 Liquid propane is burned steadily with 150 percent excess air. The mass flow rate of air, the heat transfer rate 
from the combustion chamber, and the rate of entropy generation are to be determined. 

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 

Properties The molar masses of C 3 H 8 and air are 44 kg/kmol and 29 kg/kmol, respectively (Table A-l). 

Analysis (a) The fuel is burned completely with the excess air, and thus the products will contain only CO?, H 2 0, N 2 , and 
some free 0 2 . Considering 1 kmol of C 3 H 8 , the combustion equation can be written as 

C 3 H 8 (f)+ 2.5a th (0 2 + 3.76N 2 ) > 3C0 2 + 4H 2 0 + 1.5a th 0 2 + (2.5X3. 76)fl th N 2 

where a t h is the stoichiometric coefficient and is determined from the 0 2 balance, 


2.5a th = 3 + 2 + 1.5fl th > a th = 5 

Substituting, 

C 3 H 8 (f) + 12.5(0 2 + 3.76N 2 ) > 3C0 2 + 4H 2 0 + 7.50 2 + 47N 2 


The air- fuel ratio for this combustion process is 

m air (l2.5 x 4.76 kmol)(29 kg/kmol) 

m fuei (3 kmol)(l2 kg/kmol) + (4 kmol)(2 kg/kmol) 


= 39.2 kg air/kg fuel 


Thus, 

ra air = (AF ) - (39.2 kg air/kg fuel)(0.4 kg fuel/min) = 15.7 kg air/min 


(b) Under steady-flow conditions the energy balance E in - E out = AE system applied on the combustion chamber with W= 0 
reduces to 

-Gout = +K ^°)r 

Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, (The hj of liquid 
propane is obtained by adding the h fg at 25°C to h° f of gaseous propane). 


Substance 

hf 

kJ/kmol 

^285 K 

kJ/kmol 

^298 K 

kJ/kmol 

hl200 K 
kJ/kmol 

C 3 H 8 (£) 

-118,910 

— 

— 

— 

o 2 

0 

8296.5 

8682 

38,447 

n 2 

0 

8286.5 

8669 

36,777 

h 2 0 (g) 

-241,820 

— 

9904 

44,380 

co 2 

-393,520 

— 

9364 

53,848 


Thus, 

-Gout = (3 X _ 3 93,520 + 53,848 - 9364)+ 0X~24 1,820 + 44,380 - 9904) 

+ (7.5X0 + 38,447 - 8682)+ (47X0 + 36,777 - 8669)- (l)(- 1 1 8,9 10 + /j 298 - /z 298 ) 

- (l2.5X0 + 8296.5 - 8682)- (47 Xo + 8286.5 - 8669) 

= -190,464 kJ/kmol of C 3 H 8 

Thus 190,464 kJ of heat is transferred from the combustion chamber for each kmol (44 kg) of propane. This corresponds to 
190,464/44 = 4328.7 kJ of heat transfer per kg of propane. Then the rate of heat transfer for a mass flow rate of 0.4 kg/min 
for the propane becomes 
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Gout = %out = (0.4 kg/min)(4328.7 kJ/kg) = 1732 kj/min 
(c) The entropy generation during this process is determined from 

^gen = S p ~S R + -y — = ^ NpSp ~ ^ N R S R + — * — 

* suit * surr 


The CsH 8 is at 25°C and 1 atm, and thus its absolute entropy for the gas phase is ^ c ,h 8 = 269.9 lkJ/kmol-K (Table A-26). 
Then the entropy of C 3 H 8 (f) is obtained from 


■ S C 3 H 8 (0= S C 3 H s (g) S fg 


- s C 2 H 



269.91- 15,060 = 219.4 kJ/kmol- K 
298.15 


The entropy values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total 
pressure of 1 atm, but the entropies are to be calculated at the partial pressure of the components which is equal to P { = y\ 
P t otai, where yi is the mole fraction of component i. Then, 

Si = (T, P, ) = Nj (si (T, P 0 )-R u In {y.P m )) 

The entropy calculations can be presented in tabular form as 



Ni 

y s 

Sj° (T,latm) 

R>(yiPj 

NiSi 

c 3 h 8 

1 

— 

219.40 

— 

219.40 

o 2 

12.5 

0.21 

203.70 

-12.98 

2708.50 

n 2 

47 

0.79 

190.18 

-1.96 

9030.58 





Sr 

= 1 1,958.48 kJ/K 

co 2 

3 

0.0488 

279.307 

-25.112 

913.26 

H 2 o (g) 

4 

0.0650 

240.333 

-22.720 

1052.21 

o 2 

7.5 

0.1220 

249.906 

-17.494 

2005.50 

N 2 

47 

0.7642 

234.115 

-2.236 

11108.50 


S P = 15,079.47 kJ/K 


Thus, 


S gen = Sp - S R + = 15,079.47 - 1 1,958.48 + 190,464 = 3760. 1 kJ/K (per kmol C 3 H 8 ) 

7 rnrr 298 


SUIT 


Then the rate of entropy generation becomes 


V = (n\s 


gen 


A 0.4 N 

— kmol/min 
44 


v 


(3760. 1 kJ/kmol- K) = 34.2 kj/min • K 
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15-93 

to be studied. 


Problem 15-92 is reconsidered. The effect of the surroundings temperature on the rate of exergy destruction is 


Analysis The problem is solved using EES, and the solution is given below. 


Fuel$ = 'Propane (C3H8)_liq' 

T_fuel = (25 + 273.15) "[K]" 

P_fuel = 101.3 [kPa] 

m_dot_fuel = 0.4 [kg/min]*Convert(kg/min, kg/s) 

Ex = 1.5 "Excess air" 

P_air= 101.3 [kPa] 

T_air = (12+273.15) "[K]" 

T prod = 1200 [K] 

P_prod = 101.3 [kPa] 

Mw_air = 28.97 "lbm/lbmol_air" 

Mw_C3H8=(3*1 2+8*1) "kg/kmol_C3H8" 

{TsurrC = 25 [C]} 

T_surr = TsurrC+273.15 "[K]" 

"For theoretical dry air, the complete combustion equation is" 

"C3H8 + A_th(02+3.76 N2)=3 C02+4 H20 + A_th (3.76) N2 " 

2*A_th=3*2+4*1 "theoretical O balance" 

"The balanced combustion equation with Ex%/100 excess moist air is" 

"C3H8 + (1 +EX)A_th(02+3.76 N2)=3 C02+ 4 H20 + (1+Ex) A_th (3.76) N2+ Ex( A_th) 02 " 

"The air-fuel ratio on a mass basis is:" 

AF = (1+Ex)*A_th*4.76*Mw_air/(1*Mw_C3H8) "kg_air/kg_fuel" 

"The air mass flow rate is:" 
m dot air = m_dot_fuel * AF 

"Apply First Law SSSF to the combustion process per kilomole of fuel:" 

EJn - E_out = DELTAE_cv 
EJn =HR 

"Since EES gives the enthalpy of gasesous components, we adjust the 
EES calculated enthalpy to get the liquid enthalpy. Subtracting the enthalpy 
of vaporization from the gaseous enthalpy gives the enthalpy of the liquid fuel. 
h_fuel(liq) = h_fuel(gas) - h_fg_fuel" 
h_fg_fuel = 15060 "kJ/kmol from Table A-27" 

HR = 1*(enthalpy(C3H8, T=T_fuel) - h_fg_fuel)+ (1+Ex)*A_th*enthalpy(02,T=T_air)+(1+Ex)*A_th*3.76 
*enthalpy(N2,T=T_air) 

E_out = HP + Q_out 

HP=3*enthalpy(C02,T=T_prod)+4*enthalpy(H20,T=T_prod)+(1+Ex)*A_th*3.76* 

enthalpy(N2,T=T_prod)+Ex*A_th*enthalpy(02,T=T_prod) 

DELTAE_cv = 0 "Steady-flow requirement" 

"The heat transfer rate from the combustion chamber is:" 

Q_dot_out=Q_out"kJ/kmol_fuel7(Mw_C3H8"kg/kmoLfuel")*m_dot_fuel"kg/s" "kW" 

"Entopy Generation due to the combustion process and heat rejection to the surroundings:" 

"Entopy of the reactants per kilomole of fuel:" 

P_02_reac= 1/4.76*P_air "Dalton's law of partial pressures for 02 in air" 
s_02_reac=entropy(02,T=T_air,P=P_02_reac) 

P_N2_reac= 3.76/4.76*P_air "Dalton's law of partial pressures for N2 in air" 
s_N2_reac=entropy(N2,T=T_air,P=P_N2_reac) 
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s_C3H8_reac=entropy(C3H8, T=T_fuel,P=P_fuel) - s_fg_fuel "Adjust the EES gaseous value by s_fg" 
"For phase change, s_fg is given by:" 
s_fg_fuel = h_fg_fuel/T_fuel 

SR = 1*s_C3H8_reac + (1+Ex)*A_th*s_02_reac + (1+Ex)*A_th*3.76*s_N2_reac 
"Entopy of the products per kilomle of fuel:" 

"By Dalton's law the partial pressures of the product gases is the product 
of the mole fraction and P_prod" 

N prod = 3 + 4 + (1+Ex)*A_th*3.76 + Ex*A_th "total kmol of products" 

P_02_prod = Ex*A_th/N_prod*P_prod "Patrial pressure 02 in products" 
s_02_prod=entropy(02,T=T_prod,P=P_02_prod) 

P_N2_prod = (1 +Ex)*A_th*3.76/N_prod*P_prod "Patrial pressure N2 in products" 
s_N2_prod=entropy(N2,T=T_prod,P=P_N2_prod) 

P_C02_prod = 3/N_prod*P_prod "Patrial pressure C02 in products" 
s_C02_prod=entropy(C02, T=T_prod,P=P_C02_prod) 

P_H20_prod = 4/N_prod*P_prod "Patrial pressure H20 in products" 
s_H20_prod=entropy(H20, T=T_prod,P=P_H20_prod) 

SP = 3*s_C02_prod + 4*s_H20_prod + (1+Ex)*A_th*3.76*s_N2_prod + Ex*A_th*s_02_prod 

"Since Q_out is the heat rejected to the surroundings per kilomole fuel, 
the entropy of the surroundings is:" 

S_surr = Q_out/T_surr 

"Rate of entropy generation:" 

S_dot_gen = (SP - SR +S_surr)"kJ/kmol Juel"/(Mw_C3H8 "kg/kmoLfuel")*m_dot_fuel"kg/s" "kW/K" 
X_dot_dest = T_s u r r* S_d ot_g e n " [ k W] ' ' 



TsurrC 

Xdest 

[Cl 

[kWl 

0 

157.8 

4 

159.7 

8 

161.6 

12 

163.5 

16 

165.4 

20 

167.3 

24 

169.2 

28 

171.1 

32 

173 

36 

174.9 

38 

175.8 
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15-94 Liquid octane is burned steadily with 70 percent excess air. The entropy generation and exergy destruction per unit 
mass of the fuel are to be determined. 

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 

Properties The molar masses of CgHjg and air are 114 kg/kmol and 29 kg/kmol, respectively (Table A-l). 

Analysis The fuel is burned completely with the excess air, and thus the products will contain only C0 2 , H 2 0, N 2 , and some 
free 0 2 . Considering 1 kmol C 8 Hi 8 , the combustion equation can be written as 

C 8 H 18 (f)+1.7a th (0 2 + 3.76N 2 ) >8C0 2 +9H 2 O + 0.7fl th O 2 + (l.7X 3 - 76 )« th N 2 


where a t h is the stoichiometric coefficient and is 
determined from the 0 2 balance, 

1.7 a th = 8 + 4.5 + 0.7 a th > a th = 12.5 


Thus, 


C 8 H 18 (l) 
25°C 

Air 

70% excess air 


Combustion 

chamber 


Products 
1500 K 


C 8 H 18 (f) + 21.25(0 2 +3.76N 2 ) » 8C0 2 + 9H 2 0 + 8.750 2 + 79.9N 2 


600 K 


(b) Under steady- flow conditions the energy balance E m - E out = AE system applied on the combustion chamber with W = 0 
reduces to 

- e out = X n p (h° f + , h - h° ) p - £ n r (h} + h-h\ 

Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, 


Substance 

hf 

kJ/kmol 

^298K 

kJ/kmol 

^600K 

kJ/kmol 

hl500K 

kJ/kmol 

c 8 h 18 (i) 

-249,950 

— 

— 

— 

o 2 

0 

8682 

17.929 

49.292 

n 2 

0 

8669 

17,563 

47,073 

h 2 0 (g) 

-241,820 

9904 

— 

57,999 

co 2 

-393,520 

9364 

— 

71,078 


Thus, 

- g out = (8X- 393,520 + 71,078 - 9364)+ (9 )(- 241,820 + 57,999 - 9904) 

+ (8.75X0 + 49,292 - 8682)+ (79.9X0 + 47,073 - 8669)- (l)(- 249,950) 

- (21.25X0 + 17,929 - 8682)- (79.9)(0 + 17,563 - 8669) 

= -1,631,335 kJ/kmol of C 8 H 18 

The entropy generation during this process is determined from 
‘Sgen = S P ~ S R + _° Ut = ^ NpSp - ^ N R S R + ° Ut 

1 suit 1 surr 

The entropy values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total 
pressure of P m = 600 kPa (=600/101.325=5.92 atm), but the entropies are to be calculated at the partial pressure of the 
components which is equal to P x = y; P t otai> where y\ is the mole fraction of component i. Then, 

Si = N& (t, P. ) = N, C (T, P 0 )- R h In {y.P m )) 
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The entropy calculations can be presented in tabular form as 



Nj 

yi 

sf (T,latm) 

Ru ln (yi p m) 

NiS; 

c 8 h 18 

1 

— 

466.73 

14.79 

451.94 

o 2 

21.25 

0.21 

226.35 

1.81 

4771.48 

n 2 

79.9 

0.79 

212.07 

12.83 

15,919.28 





Sr 

= 21,142.70 kJ/K 

co 2 

8 

0.0757 

292.11 

-6.673 

2390.26 

H 2 o (g) 

9 

0.0852 

250.45 

-5.690 

2305.26 

o 2 

8.75 

0.0828 

257.97 

-5.928 

2309.11 

N 2 

79.9 

0.7563 

241.77 

12.46 

18,321.87 


S P = 25,326.50 kJ/K 


Thus, 


S gen = S P~ S R + Qm- = 25,326.50 - 21,142.70 + 1 > 631 > 335 = 9658.1 kJ/K (per kmol C 8 H 18 ) 

298 


surr 


The exergy destruction is 

X d est =T 0 S gen = (298X9658.1 kJ/K) = 2,878,1 14 kJ/K (per kmol C 8 H 18 ) 
The entropy generation and exergy destruction per unit mass of the fuel are 
s gen 9658.1 kJ/K- kmol 


5gen M 


fuel 


1 14kg/kmol 


= 84.72 kJ/K kg C 8 H 18 


X 


X dest 2,878,1 14 kJ/K- kmol 


dest 


M 


fuel 


114kg/kmol 


25,250 kJ/kg C 8 H 18 
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15-95 Methyl alcohol is burned steadily with 200 percent excess air in an automobile engine. The maximum amount of 
work that can be produced by this engine is to be determined. 

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 

Analysis The fuel is burned completely with the excess air, and thus the products will contain only CO2, H 2 0, N 2 , and some 
free 0 2 . Considering 1 kmol CH 3 OH the combustion equation can be written as 


CH3OH + 3a th (0 2 + 3.76N 2 ) >C0 2 +2H 2 0 + 2a th 0 2 

where a t h is the stoichiometric coefficient and is determined 
from the 0 2 balance, 

0.5 + 3 a th = 1 + 1 + 2 a th » a th = 1 .5 

Thus, 


+ 3 a th x 3.76N 2 


CH3OH 

25°C 

200% excess air 
25°C 



Combustion 

Chamber 

1 atm 


Products 

77°C 


CH3OH + 4.5(0 2 +3.76N 2 ) >C0 2 +2H 2 0 + 30 2 +16.92N 2 

Under steady-flow conditions the energy balance E [n -E out = AE system applied on the combustion chamber with W= 0 
reduces to 


- Gout = X N p (h} + h-h\~Y J N R (li} +h-h\ 


Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, 


Substance 

hf 

kJ/kmol 

^298K 

kJ/kmol 

^350K 

kJ/kmol 

CH 3 OH 

-200,670 

— 

— 

o 2 

0 

8682 

10,213 

n 2 

0 

8669 

10,180 

h 2 o (g) 

-241,820 

9904 

11,652 

co 2 

-393,520 

9364 

11,351 


Thus, 

- Gout = (l)(- 393,520 + 1 1,35 1 - 9364) + (2X~ 241,820 + 1 1,652 - 9904) 

+ (3X0 + 1 0,213 - 8682) + (l 6.92X0 + 10,1 80 - 8669) - (l)(- 200,670) 

= -663,550 kJ/kmol of fuel 

The entropy generation during this process is determined from 
^gen = S p ~ S R + ^ NpSp ~ ^ N r S r + 

1 surr 1 surr 

The entropy values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total 
pressure of 1 atm, but the entropies are to be calculated at the partial pressure of the components which is equal to P\ = y x 
P total? where y- x is the mole fraction of component i. Then, 

Si = Nilf {T, P, ) = N t (*; {T, P 0 )- R„ \n[y i P m )) 
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The entropy calculations can be presented in tabular form as 



Nj 

yi 

Si°(T,latm) 

RulnfriPm) 

NiS; 

CH 3 OH 

1 

— 

239.70 

— 

239.70 

o 2 

4.5 

0.21 

205.04 

- 1 2.98 

981.09 

n 2 

16.92 

0.79 

191.61 

-1.960 

3275.20 

S R = 4496 kJ/K 

co 2 

1 

0.0436 

219.831 

-26.05 

245.88 

H 2 o (g) 

2 

0.0873 

194.125 

-20.27 

428.79 

o 2 

3 

0.1309 

209.765 

-16.91 

680.03 

N 2 

16.92 

0.7382 

196.173 

-2.52 

3361.89 


£/> = 4717 kJ/K 


Thus, 


S gen = S P -S R + = 4717 - 4496 + 663,550 = 2448 kJ/K (per kmol fuel) 

-^surr ^98 

The maximum work is equal to the exergy destruction 

W max = X dQSt = T 0 S gen = (298)(2448kJ/K) = 729,400 kJ/K (per kmol fuel) 


Per unit mass basis, 


W, 


max 


729,400 kJ/K- kmol 
32 kg/kmol 


22,794 kJ/kg fuel 
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Review Problems 


15-96 A sample of a certain fluid is burned in a bomb calorimeter. The heating value of the fuel is to be determined. 

Properties The specific heat of water is 4.18 kJ/kg.°C (Table A-3). 

Analysis We take the water as the system, which is a closed 
system, for which the energy balance on the system 
E m - E out - AE tem with W = 0 can be written as 

<2in - A U 
or 

Qin = mcAT 

= (2 kgX4.18 kJ/kg-°cX2.5°c) 

= 20.90 kJ (per gram of fuel) 

Therefore, heat transfer per kg of the fuel would be 20,900 
kj/kg fuel. Disregarding the slight energy stored in the gases 
of the combustion chamber, this value corresponds to the 
heating value of the fuel. 
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15-97E Hydrogen is burned with 100 percent excess air. The AF ratio and the volume flow rate of air are to be determined. 
Assumptions 1 Combustion is complete. 2 Air and the combustion gases are ideal gases. 

Properties The molar masses of H 2 and air are 2 kg/kmol and 29 kg/kmol, respectively (Table A-l). 

Analysis (a) The combustion is complete, and thus products will contain only H 2 0, 0 2 and N 2 . The moisture in the air does 
not react with anything; it simply shows up as additional H 2 0 in the products. Therefore, for simplicity, we will balance the 
combustion equation using dry air, and then add the moisture to both sides of the equation. The combustion equation in this 
case can be written as 

H 2 + 2a th (0 2 + 3.76N 2 ) » H 2 0 + a th 0 2 + (2)(3.76KhN 2 

where a t h is the stoichiometric coefficient for air. It is determined from 
0 2 balance: 2a th =0.5 + a th > a th =0.5 

Substituting, H 2 + (0 2 + 3.76N 2 ) > H 2 0 + 0.5O 2 + 3.76N 2 

Therefore, 4.76 lbmol of dry air will be used per kmol of the fuel. 

The partial pressure of the water vapor present in the incoming air is 

p v,m =^air^sat@ 90 °F = (0.60X0.69904psi) = 0.419 psia 

The number of moles of the moisture that accompanies 4.76 lbmol of incoming dry air (N v in ) is determined to be 



f 0.419 psia V \ 

N total - ~7TZ — T — (4.76 + N in) 
1 14.5 psia ) 


A y in =0.142 lbmol 


The balanced combustion equation is obtained by substituting the coefficients determined earlier and adding 0.142 lbmol of 
H 2 0 to both sides of the equation, 

H 2 +(0 2 +3.76N 2 )+0.142H 2 O >1.142H 2 0 + 0.5O 2 +3.76N 2 

The air- fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel, 

m air (4.76 lbmol Y29 lbm/lbmol)+(0.142 lbmol)(l8 lbm/lbmol) ^ m , 

m &el (l lbmol)(2 lbm/lbmol) 

( b ) The mass flow rate of H 2 is given to be 10 lbm/h. Since we need 70.3 lbm air per lbm of H 2 , the required mass flow rate 
of air is 

m air = (AF)(m &el ) = (70.3X25 lbm/h) = 1758 lbm/h 


The mole fractions of water vapor and the dry air in the incoming air are 




0.142 

4.76 + 0.142 


= 0.029 and y dryair =1-0.029 = 0.971 


Thus, 

M = (yM) H20 + (yM ) dryair = (0.029X1 8) + (0.97lX29)= 28.7 lbm/lbmol 

RT (l0.73/28.7 psia -ft 3 /lbm-R)(550 R) 

P 14.5 psia 

0 = mv= (1758 lbm/h )(l4.18 ft 5 /lbm)= 24,928 ft ' /h 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



15-90 


15-98 A gaseous fuel with a known composition is burned with dry air, and the volumetric analysis of products gases is 
determined. The AF ratio, the percent theoretical air used, and the volume flow rate of air are to be determined. 

Assumptions 1 Combustion is complete. 2 Air and the combustion gases are ideal gases. 

Properties The molar masses of C, H 2 , N 2 , 0 2 , and air are 12, 2, 28, 32, and 29 kg/kmol, respectively (Table A-l). 
Analysis Considering 100 kmol of dry products, the combustion equation can be written as 
v(0.65CH 4 + 0.25N 2 + 0.100 2 ) + a(0 2 + 3.76N 2 ) 

>3.36C0 2 + 0.09CO + 14.910 2 +81.64N 2 +bH 2 0 


The unknown coefficients x, a , and b are determined 
from mass balances, 


+ x = 5.31 


C: 0.65* = 3.36 + 0.09 - 

H : (4)(0.65)jc = 2b > b = 6.90 

N 2 : 0.25* + 3.760 = 81.64 >0 = 21.36 

Check 0 + 0.10* + a = 3.36 + 0.045 + 14.91 + b/2 


65% CH 4 
25% N 2 

10% 0 2 


Combustion 

chamber 


Air 


3.36% C0 2 
0.09% CO 
14.91% 0 2 
81.64% N 2 


->0 = 21.23 


The N 2 balance and 0 2 balance gives two different a values. There must be a small error in the volumetric analysis of the 
products and the mass balance is not completely satisfied. Yet we solve the problem with an a value of 21.36 being aware 
of this situation. Then, 

5.3l(0.65CH 4 +0.25N 2 + 0.10O 2 )+ 21.36(0 2 +3.76N 2 ) 

>3.36C0 2 +0.09CO +14.910 2 +81.64N 2 +6.9H 2 0 


The combustion equation for 1 kmol of fuel is obtained by dividing the above equation by 5.3 1, 
(0.65CH 4 +0.25N 2 + 0.100 2 ) + 4.02(0 2 +3.76N 2 ) 

>0.633CO 2 + 0.017CO + 2.81O 2 +15.37N 2 +1.3H 2 0 


(a) The air- fuel ratio is determined from its definition 
AF = 


m i (4.02 x 4.76 kmolY29 kg/kmol) _ ... . _ 

- — = 2 2 & L = 26.9 kg air/kg fuel 

m fuel 0.65x16 + 0.25x28 + 0.10x32 


(b) To find the percent theoretical air used, we need to know the theoretical amount of air, which is determined from the 
theoretical combustion equation of the fuel, 

(0.65CH 4 +0.25N 2 +0.100 2 )+a th (0 2 +3.76N,) >0.65CO 2 + 1.3H,0 + (0.25 + 3.76a th )N 2 


Then, 


0 2 : 0.10 + 0 th = 0.65 + 0.65 
Percent theoretical air = 


> 0 th = 1.2 

^ air, act ^ air, act (4.02X4.76) kmol 


m. 


= 3.35 = 335% 


fair.th ^air.th (l .2X4.76) kmol 
(c) The specific volume, mass flow rate, and the volume flow rate of air at the inlet conditions are 


RT (o.287 kPa • m 3 /kg • k)(298 K) n 0 „ 3/1 

t/ = = A = 0.855 m /kg 

P 100 kPa 

m air = (AF)m fuel = (26.9 kg air/kg fuel)(3.5 kg fuel/min) = 94.15 m 3 /min 


Cr =('» V )air =(94.15 



0.855 m 3 /kg 1=80.5 m 3 /min 
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15-99E Propane is burned with stoichiometric amount of air. The fraction of the water in the products that is vapor is to be 
determined. 


Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 

Analysis The fuel is burned completely with the air, and thus the products will contain only C0 2 , H 2 0, and N 2 . Considering 
1 kmol C 3 H 8 , the combustion equation can be written as 


C 3 H 8 +5(0 2 +3.76N 2 ) >3C0 2 +4H 2 0 + 18.8N 2 

The mole fraction of water in the products is 
N m o 4 kmol 


y = 


N pvod (3 + 4 + 18.8)kmol 
The saturation pressure for the water vapor is 


= 0.1550 


- ^sat@120°F - 1 -695 1 P s * a 


c 3 H 8 

► 


Theoretical air 

► 


Combustion 

chamber 

1 atm 


C0 2 , H 2 0, n 2 

► 

1 Of*OT7 


When the combustion gases are saturated, the mole fraction of the water vapor will be 





1.6951 kPa 
14.696 kPa 


= 0.1 153 


Thus, the fraction of water vapor in the combustion products is 


■ = Zi 

vapor 

y 


0.1153 

0.1550 


0.744 
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15-100 Coal whose mass percentages are specified is burned with 20% excess air. The dew-point temperature of the 
products is to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , CO, H 2 0, S0 2 , and N 2 . 3 Combustion 
gases are ideal gases. 

Properties The molar masses of C, H 2 , 0 2 , S, and air are 12, 2, 32, 32, and 29 kg/kmol, respectively (Table A-l). 

Analysis We consider 100 kg of coal for simplicity. Noting that the mass percentages in this case correspond to the masses 
of the constituents, the mole numbers of the constituent of the coal are determined to be 


N c = 


N \\2 ~ 


^02 ~ 


^N2 ~ 


N c = 


m 


c 61.40kg 


M c ‘ 

12 kg/kmol 

m H2 

5.79 kg 

M m 

2 kg/kmol 

m 02 

25.31kg 

M 02 

32 kg/kmol 

m N2 

1.09 kg 

m N2 

28 kg/kmol 

m s _ 

1.41kg 


= 5.1 17 kmol 


= 2.895 kmol 


= 0.7909 kmol 


Mo 32 kg/kmol 


= 0.03893 kmol 


= 0.04406 kmol 


The mole number of the mixture and the mole fractions are 


N m =5.117 + 2.895 + 0.7909 + 0.03893 + 0.04406 = 8.886 kmol 


3 7 H2 
^02 
y N2 

?s 


N 


C 


N 

N 


H2 


N 


m 


N 


02 


N 


N 


m 


N2 


N 


N 


m 


5.1 17 kmol 
8.886 kmol 


0.5758 


2.895 kmol __ 
8.886 kmol 
0.7909 kmol 
8.886 kmol 
0.03893 kmol 
8.886 kmol 


0.3258 
= 0.0890 
= 0.00438 


0.04406 kmol 
8.886 kmol 


0.00496 


61.40% C 
5.79% H 2 
25.31% 0 2 
1.09% N 2 
1.41% S 
5.00% ash 
(by mass) 


Coal 

► 


Air 

20% excess 


Combustion 

chamber 


Products 


Ash consists of the non-combustible matter in coal. Therefore, the mass of ash content that enters the combustion chamber 
is equal to the mass content that leaves. Disregarding this non-reacting component for simplicity, the combustion equation 
may be written as 

0.5758C + 0.3258H 2 +0.08900 2 +0.00438N 2 + 0.00496S + 1.25« th (0 2 +3.76N 2 ) 


According to the oxygen balance, 


>0.5758CO 2 +0.3258H 2 0 + 0.00496S0 2 +0.25a th O 2 +1.25a th 


x 3.76N 2 


0 2 balance: 0.0890 + 1.25<z th = 0.5758 + 0.5 x 0.3258 + 0.00496 + 0.25a th >a th =0.6547 

Substituting, 

0.5758C + 0.3258H 2 +0.08900 2 +0.00438N 2 + 0.00496S + 0.8184(O 2 +3.76N 2 ) 

>0.5758CO 2 + 0.3258H 2 O + 0.00496S0 2 +0.1637O 2 +3.077N 2 


The dew-point temperature of a gas-vapor mixture is the saturation temperature of the water vapor in the product gases 
corresponding to its partial pressure. That is, 


Pv = 




N 4 
v P rod j 


P = 

prod 


0.3258 kmol 


(0.5758 + 0.3258 + 0.00496 + 0. 1637 + 3 .077) kmol 


(101.3 kPa) = 7.96 kPa 


Thus, T dp = T sat@7 96kPa = 41 .3°C (Table A-5) 
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15-101 Methane is burned steadily with 50 percent excess air. The dew-point temperature of the water vapor in the products 
is to be determined. 

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 

Properties The molar masses of CH 4 and air are 16 kg/kmol and 29 kg/kmol, respectively (Table A-l). 

Analysis The fuel is burned completely with the excess air, and thus the products will contain only C0 2 , H 2 0, N 2 , and some 
free 0 2 . Considering 1 kmol CH 4 , the combustion equation can be written as 

CH 4 +1.5a th (0 2 +3.76N 2 ) >C0 2 + 2H,0 + 0.5a th 0 2 +(l.5X3.76)a th N 2 


where a t h is the stoichiometric coefficient and is 
determined from the 0 2 balance, 

l.5a th = 1 + 1 + 0.5a th » a th = 2 

Thus, 

CH 4 + 3(0 2 +3.76N 2 ) > C0 2 + 2H 2 0 + 0 2 + 1 1.28N 2 


CH 4 


► 


Air 

50% excess 


Combustion 

chamber 


Products 



The dew-point temperature of a gas-vapor mixture is the saturation temperature of the water vapor in the product gases 
corresponding to its partial pressure. That is, 


Pv = 


N, 


N 


P 


2 kmol 


prod 


prod 


(1 + 2 + 1 + 11.28) kmol 


(101.325 kPa) = 13.26 kPa 


Thus, 

^dp = ^sat@i 3 . 26 kPa =51.4°C (from EES) 
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15-102 A mixture of 40% by volume methane, CH4, and 60% by volume propane, C3H8, is burned completely with 
theoretical air. The amount of water formed during combustion process that will be condensed is to be determined. 


Assumptions 1 Combustion is complete. 2 The combustion products 
contain C0 2 , H 2 0, and N 2 only. 

Properties The molar masses of C, H 2 , 0 2 and air are 12 kg/kmol, 2 
kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively (Table A-l). 

Analysis The combustion equation in this case can be written as 


40% CH 4 
60% C 3 H 8 


Air 


1 00% theoretical 


Products 


100°C 


0.4 CH 4 +0.6C 3 H 8 +a th [0 2 + 3.76N 2 ] >B C0 2 +BH 2 0 + FN 2 


where a t h is the stoichiometric coefficient for air. The coefficient a t h and other coefficients are to be determined from the 
mass balances 


Carbon balance: B = 0.4 + 3x 0.6 = 2.2 


Hydrogen balance: 2D = 4x0.4 + 8x 0.6 = 2D >D = 3.2 

Oxygen balance: 2 a xh =2B-\-D >2a th = 2(2.2) + 3. 2 >a th =3.8 

Nitrogen balance: 3.16a th = F >3.76(3.8) = F >F = 14.29 

Then, we write the balanced reaction equation as 

0.4 CH 4 + 0.6C 3 H 8 + 3 . 8 [o 2 +3.76N 2 ] >2.2C0 2 + 3.2 H 2 0 + 14.29 N 2 

The vapor mole fraction in the products is 

3 2 

y v = : = 0.1625 

2.2 + 3.2 + 14.29 

The partial pressure of water in the products is 

^v.prod = y+prod = (0.1625X1 00 kPa) = 16.25 kPa 


The dew point temperature of the products is 

^dp = ^sat@16.25kPa = 55.64°C 

The partial pressure of the water vapor remaining in 
the products at the product temperature is 

K = ^sat@39°C =7.0kPa 


The kmol of water vapor in the products at the 
product temperature is 


P v = 


7.0 kPa = 


A, 


A 


R 


total, product 

A., 


prod 


2.2+ A +14.29 


A,. = 1.241 kmol 


The kmol of water condensed is 


Steam 



A... =3.2-1 .241 = 1 .96 kmol water/kmol fuel 

vv 
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15-103 A gaseous fuel mixture of 60% propane, C 3 H 8 , and 40% butane, C 4 Hi 0 , on a volume basis is burned with an air-fuel 
ratio of 25. The moles of nitrogen in the air supplied to the combustion process, the moles of water formed in the 
combustion process, and the moles of oxygen in the product gases are to be determined. 


Assumptions 1 Combustion is complete. 2 The combustion products 

contain CO 2 , H 2 0, and N 2 only. 60% C 3 H 8 

40% C 4 H 10 

Properties The molar masses of C, H 2 , 0 2 and air are 12 kg/kmol, 2 , 

kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively (Table A-l). 

Analysis The theoretical combustion equation in this case can be written as 

Air 

0.6C 3 H 8 +0.4C 4 H 10 +a th [0 2 +3.76N 2 ] >BC0 2 + DH 2 0 + FN 2 


Products 


where is the stoichiometric coefficient for air. The coefficient a t h and other coefficients are to be determined from the 
mass balances 


Carbon balance: B = 3 x 0.6 + 4 x 0.4 = 3.4 


Hydrogen balance: 8 x 0.6 + 10 x 0.4 = 2D > D = 4.4 

Oxygen balance: 2 a th - 2 B + D >2 a th = 2x3.4 + 4. 4 >a th = 5.6 


Nitrogen balance: 3.7 6a th = F > 3.76 x 5.6 = F >F = 21.06 

Then, we write the balanced theoretical reaction equation as 

0.6 C 3 H 8 + 0.4 C 4 H 10 + 5.6 [o 2 + 3.76N 2 ] >3.4 C0 2 + 4.4 H 2 0 + 21.06 N 2 

The air- fuel ratio for the theoretical reaction is determined from 

AF ft , < 5 - 6 ■ 1 4 - 76 kmol )( 29 Manol) = k a|r/t M 

m fuel (0.6x44 + 0.4x58) kg 

The percent theoretical air is 

PercentTH • = AFact ^ - = x 100 = 160.4% 

AF th 15.59 

The moles of nitrogen supplied is 

N N2 = — xa th x 3. 76 = ^^ (5. 6)(3. 76) = 33. 8 kmol per kmol fuel 

100 100 


The moles of water formed in the combustion process is 
N H2 o = D = 4.4 kmol per kmol fuel 
The moles of oxygen in the product gases is 


^02 - 


PercentTH • 

all 1 

100 




a th = 


J 


160.4 

100 


-1 


(5.6) = 3.38 kmol per kmol fuel 
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15-104 Ethane is completely burned with air. Various parameters are to be determined for the given reaction. 
Assumptions The water in the products is in the vapor phase. 

Analysis (a) The reaction equation is given as 

C 2 H 6 +4.788[o 2 +3.76N 2 ] »2CO, + 3H 2 0 + 1.2880, + 18N, 

The partial pressure of water vapor is 


P v = 


N 


H20 


N 


^total 


total 


2 + 3 + 1.288 + 18 


(100 kPa) = 


3 kmol 


24.288 kmol 


(100 kPa) = 12.35 kPa 


The dew point temperature of the product gases is the saturation temperature of water at this pressure: 
T c i P = ^sat@i 2 . 35 kPa = 49.6°C (Table A-5) 

(b) The partial pressure of oxygen is 


Pqi ~ 


N 


02 


p _ 

1 total 


1.288 kmol 


A total 24.288 kmol 

The specific volume of oxygen is then, 


(100 kPa) = 5.303 kPa 


C 2 H 6 


Air 


^02 = 


R 02 T (0.2598 kJ/kmol • K)(373 K) 


P, 


02 


5.303 kPa 


= 18.3 rrr/kg 


Combustion 
Chamber 
100 kPa 


Products 

-► 


(c) The combustion reaction with stoichiometric air is 
C 2 H 6 +3.5(0 2 + 3.76N 2 )— 


— >2C0 2 + 3H 2 0 + 3.5 x 3.76N 2 

Both the reactants and the products are taken to be at the standard reference state of 25°C and 1 atm for the calculation of 
heating values. The heat transfer for this process is equal to enthalpy of combustion. Note that N 2 and 0 2 are stable 
elements, and thus their enthalpy of formation is zero. Then, 

q = h c =H P -H R ='Y J NphJs - ^ N R h f,R = i Nh f ) C0 2 + ( Nh f Co _ ( Nh f )c2H6 
For the LHV, the water in the products is taken to be vapor. Then, 

h c = (2 kmol)(-393,520 kJ/kmol) + (3 kmol)(-24 1 ,820 kJ/kmol)- (1 kmol)(-84,680 kJ/kmol) 

= -1,427,820 kJ/kmol ethane 

The LHV per unit kmol of the fuel is the negative of the enthalpy of combustion: 

LHV = -h c = 1 ,427,820 kJ/kmol C 2 H 6 

(d) The average molar mass of the product gas is 

N C02M C02 + N H20-^ H20 + N 02 M 02 + N N2 M N2 


M = 


N 


total 


(2 kmol)(44 kg/kmol) + (3 kmol)(l 8 kg/kmol) + (1 .288 kmol)(32 kg/kmol) + (18 kmol)(28 kg/kmol) 


24.288 kmol 


687.2 kmol 


= 28.29 kg/kmol 


24.288 kmol 

(e) The average molar constant pressure specific heat of the product gas is 




Nc02 c p,C02 + ^H20 c /?,H20 + ^ 02 c p,02 + ^N2 C /?,N2 


N 


total 


(2x 41. 16 + 3x34.28 + 1.288x30. 14 + 18x 29.27) kJ/K 750.8 kJ/K 


24.288 kmol 


(f) The air- fuel mass ratio is 


AF = 


m air (4.788 x 4.76 x 29) kg 660.9 kg 


24.288 kmol 


= 22.03 kg air/kg fuel 


= 30.91 kJ/kmol K 


(lx 30) kg 30 kg 

(g) For a molar fuel flow rate is 0.1 kmol/min, the mass flow rate of water in the product gases is 


m 


N mo A/f /Ail 1/ • x 3 kmol 
H20 _ iy C2H6 77 M H2 q - (0.1 kmol/mm) 


= N< 


N 


C2H6 


1 kmol 


(1 8 kg/kmol) = 5.4 kg/min 
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15-105 CO gas is burned with air during a steady-flow combustion process. The rate of heat transfer from the combustion 
chamber is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 There are no work interactions. 5 Combustion is complete. 

Properties The molar masses of CO and air are 28 kg/kmol and 29 kg/kmol, respectively (Table A-l). 

Analysis We first need to calculate the amount of air used per kmol of CO before we can write the combustion equation, 


^co - 


Iflr'rt — 


RT _ (o.2968 kPa • m 3 /kg • k)(310 K) 


P 


V, 


CO 


(llO kPa) 
0.4 m 3 /min 


= 0.836 m /kg 


'CO i 

v co 0.836 m 3 /kg 

Then the molar air- fuel ratio becomes 


= 0.478 kg/min 


— N • 
AF = air 


N 


fuel 


(l.5 kg/min)/ (29 kg/kmol) 
m fuel / M fuel (0.478 kg/min)/ (28 kg/kmol) 


/71 a ir /-^air 


Q 


CO 

# 


37°C ~ 

Combustion 

Products 

Air 

chamber 

900 k 

25°C "" 




= 3.03 kmol air/kmol fuel 


Thus the number of moles of O 2 used per mole of CO is 3.03/4.76 = 0.637. Then the combustion equation in this case can 
be written as 


CO + 0.637(0 2 +3.76N 2 ) >C0 2 + 0.137O 2 +2.40N 2 

Under steady-flow conditions the energy balance E in - E out = AE system applied on the combustion chamber with W= 0 
reduces to 

- aut = £ n p ( /7 / + /7 - /7 ° ) P - E N * fc +T '~ Ti ° )r 

Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, 


Substance 

hf 

kJ/kmol 

1*298 K 

kJ/kmol 

1*310 K 
kJ/kmol 

1*900 K 
kJ/kmol 

CO 

-110,530 

8669 

9014 

27,066 

0 2 

0 

8682 

— 

27,928 

n 2 

0 

8669 

— 

26,890 

co 2 

-393,520 

9364 

— 

37,405 


Thus, 


-Gout = (+-393,520 + 37,405 - 9364)+ (0.137)(0 + 27,928-8682) 

+ (2.4X0 + 26,890 - 8669)- (l)(- 1 10,530 + 90 14 - 8669) -0-0 
= -208,927 kJ/kmol of CO 


Then the rate of heat transfer for a mass flow rate of 0.956 kg/min for CO becomes 

0.478 kg/min 


Q out — NQout — 


m 

k ~Nj 


Qowt 


28 kg/kmol 


(208,927 kJ/kmol) = 3567 kj/min 
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15-106 Ethanol gas is burned with 10% excess air. The combustion is incomplete. The theoretical kmols of oxygen in the 
reactants, the balanced chemical reaction, and the rate of heat transfer are to be determined. 

Assumptions 1 Combustion is incomplete. 2 The combustion products contain C0 2 , CO, H 2 0, 0 2 , and N 2 only. 

Properties The molar masses of C, H 2 , 0 2 , N 2 and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol, 
respectively (Table A-l). 

Analysis (a) The balanced reaction equation for stoichiometric air is 

C 2 H 6 0 + a th [0, +3.76N 2 ] >2 C0 2 + 3 H 2 0 + a th x 3.76 N 2 

The stoicihiometric coefficient a t h is determined from an 0 2 balance: 

c 2 h 6 o 

0.5 + a th = 2 + 1.5 >a xh = 3 ► 

Air 

Substituting, ► 

10% excess 

C 2 H 6 0 + 3[0 2 +3.76N 2 ] >2C0 2 +3H 2 0 + 11.28N 2 

Therefore, 3 kmol of oxygen is required to burn 1 kmol of ethanol. 

(b) The reaction with 10% excess air and incomplete combustion can be written as 

C 2 H 6 0 + 1.1x 3[0 2 +3.76N 2 ] >2(0.9 CO, + 0.1 CO) + 3 H 2 0 + x0 2 + 1.1x3 x 3.76 N 2 

The coefficient for 0 2 is determined from a mass balance, 

0 2 balance: 0.5 + 1.1 x 3 = 0.9 x 2 + 0.5 x (0.1 x 2) + 0.5 x 3 + x >x = 0.4 

Substituting, 

C 2 H 6 0 + 3.3[0 2 +3.76N,] >1.8 CO, + 0.2 CO + 3 H,0 + 0.4 0 2 + 12.408 N, 

(b) The heat transfer for this combustion process is determined from the energy balance E m - E out = AE system applied on 
the combustion chamber with W = 0. It reduces to 

- 2out = (h} +h- h° f ~Y j n r (h°f +h- h° ) s 

Both the reactants and products are at 25 °C. Assuming the air and the combustion products to be ideal gases, we have h = 
h(T). Then, using the values given in the table, 

-<2 0Ut = (1 .8)(— 393,520) + (0.2)(-l 10,530) + (3)(-24 1,820) - (l)(-235,3 10) 

=- 1,220,590 kJ/kmol fuel 


Combustion ^ C0 2 , CO 

chamber H 2 0, 0 2 , N 2 


or 


Q out = 1,220,590 kJ/kmol fuel 
For a 3.5 kg/h of fuel burned, the rate of heat transfer is 

3.5 kg/h 


Gout = M2out = 


^ m ^ 


v M y 


Gout 


46 kg/kmol 


(1,220,590 kJ/kmol) = 92,870 kJ/h = 25.80 kW 
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15-107 Propane gas is burned with air during a steady-flow combustion process. The adiabatic flame temperature is to be 
determined for different cases. 


Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 There are no work interactions. 5 The combustion chamber is adiabatic. 

Analysis Adiabatic flame temperature is the temperature at which the products leave the combustion chamber under 
adiabatic conditions ( Q = 0) with no work interactions (W= 0). Under steady-flow conditions the energy balance 
E [n - E out = A E tQm applied on the combustion chamber reduces to 


Y,N P ^°f + h-h\=Y,N R ^} + h-h\ 



since all the reactants are at the standard reference temperature of 25°C, and hj =0 for O 2 and N 2 . 


(a) The theoretical combustion equation of C 3 H 8 with stoichiometric amount of air is 


C 3 H 8 (^) + 5(0 2 + 3.76N 2 ) > 3C0 2 + 4H 2 0 + 18.8N 2 

From the tables, 


Substance 

hf 

kJ/kmol 

1*298 K 

kJ/kmol 

c 3 h 8 (, g ) 

-103,850 

— 

0 2 

0 

8682 

n 2 

0 

8669 

h 2 0 (g) 

-241,820 

9904 

CO 

-110,530 

8669 

co 2 

-393,520 

9364 


c 3 h 8 



25°C 


Combustion 

chamber 


Products 

► 

T P 


Thus, 

(3 )(- 393,520 + /T COi - 9364)+ (4)(- 24 1,820 + Vo -9904)+(l8.8)(o + /7 Ni - 8669 )= (lX~ 103,850) 

It yields 

3/Ao 2 +4 Vo + 18.8V = 2,274,675 kJ 

The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 2,274,675 / (3 + 4 + 18.8) = 88,165 kJ/kmol. This 
enthalpy value corresponds to about 2650 K for N 2 . Noting that the majority of the moles are N 2 , T P will be close to 2650 
K, but somewhat under it because of the higher specific heats of C0 2 and H 2 0. 

At 2400 K: 3/7 COi +4/7 Hi0 +18.8/7 Ni = (3)(l25, 152)+ (4)(l03, 508)+ (18.8X79, 320) 

2 = 2,280,704 kJ (Higher than 2,274,675 kj) 

At 2350 K: 3/7 COi +4/7 Hi0 +18.8/7 N , = (3Xl22,09l)+ (4 Xl00, 846)+ (18.8X77,496) 

2 = 2,226,582 kj (Lower than 2,274,675 kj) 

By interpolation, T P = 2394 K 

(b) The balanced combustion equation for complete combustion with 200% theoretical air is 

C 3 H 8 (g) + 10(o 2 +3.76N 2 ) >3C0 2 + 4H 2 0 + 50 2 + 37.6N 2 

Substituting known numerical values, 
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(3)(- 393,520 + h„ x - 9364)+ (4)(- 241,820 + h UM - 9904) 

+ (5)(o + h 0i - 8682)+ (37.6)(o + /7 Ni “- 8669)= (lX- 103,850) 

which yields 

3 ^co 2 + 4 Vo + 5 V +37.6 h^ 2 = 2,481,060 kJ 

The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 2,481,060 / (3 + 4 + 5 + 37.6) = 50,021 kJ/kmol. This 
enthalpy value corresponds to about 1580 K for N 2 . Noting that the majority of the moles are N 2 , T P will be close to 1580 
K, but somewhat under it because of the higher specific heats of C0 2 and H 2 0. 

At 1540 K: 3/7 COi + 4/7 H , 0 + 5/7^ + 37.6/7 Ni = (3 )(73, 417)+ (4 )(59, 888) + (5)(50, 756)+ (37.6X48,470) 

" =2,536,055 kJ (Higher than 2,481,060 kj) 

At 1500 K: 3/7 COi + 4/7 H , 0 + 5 h 0i + 37.6/7 Ni = (3X71,078)+ (4X57,999)+ (5 )(49, 292)+ (37.6X47,073) 

2 = 2,461,630 kJ (Lower than 2,481,060 kj) 

By interpolation, T P = 1510 K 

(c) The balanced combustion equation for incomplete combustion with 95% theoretical air is 

C 3 H 8 (g)+ 4.75(0 2 + 3.76N 2 ) > 2.5C0 2 + 0.5CO + 4H 2 0 + 17.86N 2 

Substituting known numerical values, 

(2.5)(- 393,520 + /7 CCK - 9364)+ (0.5)(- 1 10,530 + /7 C0 - 8669) 

+ (4)(- 241,820 + /7 Hi0 -9904)+ (l7.86)(o + V -8669)= (lX~ 103,850) 

which yields 

2.5h COi + 0.5h co +4/zh o0 + 17.86/q^ =2,124,684 kJ 

The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 2,124,684 / (2.5 + 4 + 0.5 + 17.86) = 85,466 kJ/kmol. 
This enthalpy value corresponds to about 2550 K for N 2 . Noting that the majority of the moles are N 2 , T P will be close to 
2550 K, but somewhat under it because of the higher specific heats of C0 2 and H 2 0. 

At 2350 K: 

2.5/7 cck +0.5/7 co +4/7 Hi0 +17.86/7 Ni = (2.5Xl22,09l)+ (0.5)(78, 178)+ (4Xl00, 846)+ (17.86X77,496) 

2 =2,131,779 kJ (Higher than 2,124,684 kj) 

At 2300 K: 

2.5/7 COi +0.5/7 co +4/7 Hi0 +17.86/7 Ni = (2.5Xll9, 035)+ (0.5X76, 345)+ (4X98,199)+ (17.86X75,676) 

2 = 2,080,129 kJ (Lower than 2,124,684 kj) 

By interpolation, T P = 2343 K 
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15-108 The highest possible temperatures that can be obtained when liquid gasoline is burned steadily with air and with 
pure oxygen are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 There are no work interactions. 5 The combustion chamber is adiabatic. 

Analysis The highest possible temperature that can be achieved during a combustion process is the temperature which 
occurs when a fuel is burned completely with stoichiometric amount of air in an adiabatic combustion chamber. It is 
determined from 


i*. 


h} +h-h 


-I*. 


h: +h-h 


R V / 


R 


I*. 


h 


f 


+ h T -h 


= \Nh 


f /C S H 


8 A1 18 


since all the reactants are at the standard reference temperature of 25°C, and for 0 2 and N 2 . The theoretical combustion 
equation of C 8 H 18 air is 


C 8 H 18 + 12.5(0 2 + 3.76N 2 ) > 8C0 2 + 9H 2 0 + 47N, 

From the tables, 


Substance 

hf 

1*298 K 

c 8 h 18 



kJ/kmol 

kJ/kmol 

25°C "" 

Combustion 

Products 

c 8 h 18 (o 

o 2 

-249,950 

0 

8682 

Air 

chamber 

► 

T P) max 

25°C *" 



n 2 

0 

8669 






h 2 0 (g) 

-241,820 

9904 




co 2 

-393,520 

9364 





Thus, 

(8)(- 393,520 + h COi - 9364)+ (9)(- 241,820 + V 0 - 9904)+ (47)(o + / 7 Ni - 8669 ) = (l)(- 249, 950) 


It yields %h COi + 9/z Ho0 + 47/z No = 5,646,081 kJ 


The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 5,646,081/(8 + 9 + 47) = 88,220 kJ/kmol. This 
enthalpy value corresponds to about 2650 K for N 2 . Noting that the majority of the moles are N 2 , T P will be close to 2650 
K, but somewhat under it because of the higher specific heat of H 2 0. 

At 2400 K: 8 / 7 COi + 9/7^ + 47 / 7 Ni = (8)(l25,152)+ (9)(l 03,508) + (47X79,320) 

2 = 5,660,828 kJ (Higher than 5,646,08 1 kj) 

At 2350 K: 8 / 7 COi + 9 / 7 Hi0 + 47 / 7 Ni = (8Xl22,09l)+ (9)(l00,846)+ (47)(77,496) 

= 5,526,654 kj (Lower than 5,646,081 kj) 

By interpolation, T P = 2395 K 

If the fuel is burned with stoichiometric amount of pure 0 2 , the combustion equation would be 


C 8 H 18 +12.50 2 >8C0 2 +9H 2 0 

Thus, (8)(- 393,520 + /7 COi - 9364)+ (9)(- 241,820 + /7 Hi0 - 9904)= (lX~ 249,950) 

It yields 8/z co ^ +9/z Ho0 =5,238,638 kJ 

The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 5,238,638/(8 + 9) = 308,155 kJ/kmol. This enthalpy 
value is higher than the highest enthalpy value listed for H 2 0 and C0 2 . Thus an estimate of the adiabatic flame temperature 
can be obtained by extrapolation. 

At 3200 K: 8 / 7 C0 , + 9h HiQ = (8 Xl 74, 695)+ (9 \b 47, 457)= 2,724,673 kJ 

At 3250 K: 8 / 7 C0 ^ + 9 / 7 Hi0 = (8 Xl 77, 822)+ (9 Xl 50, 272)= 2,775,024 kJ 

By extrapolation, we get T P = 3597 K. However, the solution of this problem using EES gives 5645 K. The large difference 
between these two values is due to extrapolation. 
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15-109 Methyl alcohol vapor is burned with the stoichiometric amount of air in a combustion chamber. The maximum 
pressure that can occur in the combustion chamber if the combustion takes place at constant volume and the maximum 
volume of the combustion chamber if the combustion occurs at constant pressure are to be determined. 

Assumptions 1 Combustion is complete. 2 Air and the combustion gases are ideal gases. 4 Changes in kinetic and potential 
energies are negligible. 

Analysis ( a ) The combustion equation of CH 3 OH(g) with stoichiometric amount of air is 

CH 3 OH + fl th (0 2 + 3.76N 2 ) > C0 2 + 2H 2 0 + 3.76a th N 2 

where a t h is the stoichiometric coefficient and is determined from the O 2 balance, 
l + 2a th =2 + 2 > a th = 1.5 

Thus, 

CH 3 OH + 1.5(0 2 + 3.76N 2 ) > C0 2 + 2H 2 0 + 5.64N 2 



The final temperature in the tank is determined from the energy balance relation E m — E out = A E tem for reacting closed 
systems under adiabatic conditions ( Q = 0) with no work interactions (W= 0), 

0 = X N P (h} + h- h° - pu) p - X n r (a; + h - h° - pu) r 

Assuming both the reactants and the products to behave as ideal gases, all the internal energy and enthalpies depend on 
temperature only, and the Pv terms in this equation can be replaced by R U T. It yields 

X^fc + k -h 29 , K -r u t) p =Yj n r& - r » t )r 


since the reactants are at the standard reference temperature of 25 °C. From the tables, 


Substance 


hf h 298 K 

kj/kmol kj/kmol 


CH 3 OH -200,670 

0 2 0 8682 

N 2 0 8669 

H 2 0 (g) -241,820 9904 

C0 2 -393,520 9364 

Thus, 

(l)(- 393,520 + /T COi - 9364 - 8.3 14 x T P )+ (2)(- 24 1,820 + /7 Hi0 - 9904 - 8.3 14 x T P ) 

+ (5.64)(o + /7 Ni -8669-8.314x7’ i ,)=(l)(-200,670-8.314x298)+(l.5)(0- 8.3 14 x298) 

+ (5.64X0-8.314x298) 

It yields 

h c q 2 +2^0+5.64^ - 71.833 xT P = 734,388 kJ 


The temperature of the product gases is obtained from a trial and error solution, 

At 2850 K: 

/7 COi +2/7 Hi0 +5.64/7 Ni -71.833x7> = (l)(l52,908)+(2)(l27,952)+(5.64)(95,859)-(71. 833X2850) 

= 744,733 kJ (Higher than 734,388 kj) 

At 2800 K: 

/7 COi + 2/7 Hi0+ 5.64V -71.833x7> = (lXl49,808)+(2Xl25,198)+(5.64X94,014)-(71.833X2800) 

= 729,311 kJ (Lower than 734,388 kj) 
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By interpolation T P = 2816K 

Since both the reactants and the products behave as ideal gases, the final (maximum) pressure that can occur in the 
combustion chamber is determined to be 

j 8 .MkmolX 2 8 16 K) kpa) = 10u kpa 
P 2 V N 2 R u T 2 - N{T X (8.14kmol)(298 K) ’ 

(b) The combustion equation of CH 3 OH(g) remains the same in the case of constant pressure. Further, the boundary work 
in this case can be combined with the u terms so that the first law relation can be expressed in terms of enthalpies just like 
the steady-flow process, 

e = E ^ fc + 7 - l - E + 7 - 70 L 

Since both the reactants and the products behave as ideal gases, we have h = h(T). Also noting that Q = 0 for an adiabatic 
combustion process, the 1 st law relation reduces to 

E Np ( 7 / + hl e ~ /! 298 k) p =E** )fi 

since the reactants are at the standard reference temperature of 25 °C. Then using data from the mini table above, we get 

(l)(- 393,520 + h COi -9364)+ (2)(- 241,820 + Vo -9904)+(5.64)(o + /7 Na -8669) 

= (lX- 200,670)+ (l.5)(0)+ (5.64X0) 

It yields 

h C o 2 +2 ^h 2 o +5.64^n 2 = 754,555 kJ 

The temperature of the product gases is obtained from a trial and error solution, 

At 2350 K: /7 COa + 2/7 Hi0 + 5.64/7 Ni = (l)(l22,09l)+ (2)(l 00,846)+ (5.64X77,496) 

2 = 760,860 kJ (Higher than 754,555 kj) 

At 2300 K: /7 COi +2/7 Ha0 +5.64/7 Na = (lXl 19,035)+ (2X98,199)+ (5. 64)(75, 676) 

2 = 742,246 kJ (Lower than 754,555 kj) 

By interpolation, T P = 2333 K 

Treating both the reactants and the products as ideal gases, the final (maximum) volume that the combustion chamber can 
have is determined to be 

PV 2 N 2 R u T 2 n x t x 


= (8.64kmol)(2333 K) 5L) = 12 . 5| _ 
(8.14kmol)(298 K) 7 
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15-110 m * nd Problem 15-109 is reconsidered. The effect of the initial volume of the combustion chamber on the 
maximum pressure of the chamber for constant volume combustion or the maximum volume of the chamber for constant 
pressure combustion is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

VI =1.5 [L] 

T1 =(25+273) [K] 

PI =101 [kPa] 

T0=25+273 [K] 

"Properties" 

R_u=8.314 "[kJ/kmol-K]" 

"Analysis" 

"The stoichiometric combustion equation is: CH30H + a_th (02+3. 76N2) = C02 + 2 H20 + 3.76*a_th N2" 
1+2*a_th=2+2 "O balance" 

"Mol numbers of reactants and products in kmol" 

N_CH30H=1 

N_02=a_th 

NJM2=a_th*3.76 

N_C02=1 

N_H20=2 

"Enthalpy of formation data from Table A-26 in kJ/kmol" 
h_f_CH30H=-200670 
"Enthalpies of reactants in kJ/kmol" 
h_02=enthalpy(02, T=T1 ) 
h_N2_R=enthalpy(N2, T=T1) 

"Enthalpies of products in kJ/kmol" 
h_N2_P_a=enthalpy(N2, T=T2_a) 
h_C02_a=enthalpy(C02, T=T2_a) 
h_H20_a=enthalpy(H20, T=T2_a) 

H_P_a=N_C02*(h_C02_a-R_u*T2_a)+N_H20*(h_H20_a-R_u*T2_a)+N_N2*(h_N2_P_a-R_u*T2_a) 
H_R_a=N_CH30H*(h_f_CH30H-R_u*T 1 )+N_02*(h_02-R_u*T1 )+N_N2*(h _N2_R-R_u*T1 ) 
H_P_a=H_R_a 

P2=(N_P/l\LR)*(T2_a/T1)*P1 "Final pressure" 

N_R=1+4.76*a_th 
N_P=1 +2+3.76*a_th 
"(b)" 

"Now ideal gas enthalpies of products are, in kJ/kmol" 
h_N2_P_b=enthalpy(N2, T=T2_b) 
h_C02_b=enthalpy(C02, T=T2_b) 
h_H20_b=enthalpy(H20, T=T2_b) 

H_P_b=N_C02*h_C02_b+N_H20*h_H20b+NN2*h_N2_P_b 

FI_R_b=N_CH30H*h_f_CH30H+N_02*h_02+NN2*h_N2_R 

H_P_b=H_R_b 

V2=(N_P/N_R)*(T2_b/T1)*V1 "Final pressure" 
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VI 

[L] 

V2 

[LI 

P2 

[kPal 

0.2 

1.663 

1013 

0.4 

3.325 

1013 

0.6 

4.988 

1013 

0.8 

6.651 

1013 

1 

8.313 

1013 

1.2 

9.976 

1013 

1.4 

11.64 

1013 

1.6 

13.3 

1013 

1.8 

14.96 

1013 

2 

16.63 

1013 



1200 

1150 

1100 

1050 i-i 

(0 

CL 

1000 i 

CM 

950 0- 

900 

850 

800 
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15-111 Methane is burned with the stoichiometric amount of air in a combustion chamber. The maximum pressure that can 
occur in the combustion chamber if the combustion takes place at constant volume and the maximum volume of the 
combustion chamber if the combustion occurs at constant pressure are to be determined. 

Assumptions 1 Combustion is complete. 2 Air and the combustion gases are ideal gases. 4 Changes in kinetic and potential 
energies are negligible. 

Analysis ( a ) The combustion equation of CH 4 (g) with stoichiometric amount of air is 

CH 4 + fl th (0 2 + 3.76N 2 ) > C0 2 + 2H 2 0 + 3.76a th N 2 

where a± is the stoichiometric coefficient and is determined from the O 2 balance, 
a th =1 + 1 > a th = 2 

Thus, 

CH 4 + 2(0 2 + 3.76N,) > C0 2 + 2H 2 0 + 7.52N 2 



The final temperature in the tank is determined from the energy balance relation E- m - E out = A Zs system for reacting closed 
systems under adiabatic conditions (Q = 0) with no work interactions (W = 0), 

0 = Y, N p(h} + h-h° - pu\, +h-h°- Pu) R 

Since both the reactants and the products behave as ideal gases, all the internal energy and enthalpies depend on temperature 
only, and the P U terms in this equation can be replaced by R U T. It yields 

X+fc + K - /7 298K - RuT) p = X+(+ - R « T ) R 


since the reactants are at the standard reference temperature of 25 °C. From the tables, 


Substance 


hf h 298 K 

kj/kmol kj/kmol 


CH 4 -74,850 

0 2 0 8682 

N 2 0 8669 

H 2 0 (g) -241,820 9904 

C0 2 -393,520 9364 

Thus, 

(l)(- 393,520 + h COi - 9364 - 8.3 14 x T P )+ (2)(- 24 1,820 + h^ 0 - 9904 -8.314x7^) 

+ (7.52)(o + /T Ni -8669-8.314xr p )=(l)(-74,850-8.314x298)+(2)(0- 8.314 x298) 

+ (7.52 )(0- 8.3 14x298) 

It yields 

h COj +2 h HiQ +7.52 - 87.463 xT P =870,609 kJ 


The temperature of the product gases is obtained from a trial and error solution, 
At 2850 K: 


h COi +2h Hi0 +7.52h^ -87.463x7> = (+152, 908)+ (2)(l27, 952)+ (7.52X95,859)- (87.463)(2850) 

= 880,402 kJ (Higher than 870,609 kj) 

At 2800 K: 

h COi +2h Hi0 +7.52 /7 Ni -87.463xl , p = (l)(l49, 808)+ (2Xl25, 198)+ (7.52X94,014)- (87.463X2800) 

= 862,293 kJ (Lower than 870,609 kj) 
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By interpolation, T P = 2823 K 

Treating both the reactants and the products as ideal gases, the final (maximum) pressure that can occur in the combustion 
chamber is determined to be 

py_ __ w, = <++ (10.52 kmolX2 8 23 K)^ kpa)= ^ ^ 

P 2 V N 2 R u T 2 ~ N ]P (10.52 kmolX298 K) ’ 

(b) The combustion equation of CH 4 (g) remains the same in the case of constant pressure. Further, the boundary work in 
this case can be combined with the u terms so that the first law relation can be expressed in terms of enthalpies just like the 
steady-flow process, 

e = E ^ fc + 7 - + 1 - E + 7 - + L 

Again since both the reactants and the products behave as ideal gases, we have h = h(T). Also noting that Q = 0 for an 
adiabatic combustion process, the energy balance relation reduces to 

E Np ( 7 / + hr p ~ K f = E Nr ( 7 / )fi 

since the reactants are at the standard reference temperature of 25 °C. Then using data from the mini table above, we get 
(l)(- 393,520 + h COi -9364)+ (2 )(- 241,820 + ^ -9904)+(7.52)(o + /7 Ni - 8669) 

= (lX- 74,850)+ (2X0) + (7.52X0) 

It yields 

^co 2 + 2 ^h 2 o +7.52 h^ 2 = 896,673 kJ 

The temperature of the product gases is obtained from a trial and error solution, 

At 2350 K: h COi + 2 V 0 + 7.52/T Ni = (lXl22,09l)+ (2)(l 00,846)+ (7.52X77,496) 

2 = 906,553 kJ (Higher than 896,673 kj) 

At 2300 K: /7 COi + 2/7 Hi0 + 7.52/T N2 = (lXl 19,035)+ (2X98,199) + (7.52X75,676) 

2 = 884,517 kJ (Lower than 896,673 kj) 

By interpolation, T P = 2328 K 

Treating both the reactants and the products as ideal gases, the final (maximum) volume that the combustion chamber can 
have is determined to be 

PV 2 N 2 R u T 2 - N X T J 


Jl0.52kmol)(2328 K) (l5 1JL 
(10.52 kmolX298K) y 
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15-112 n-Octane is burned with 100 percent excess air. The combustion is incomplete. The maximum work that can be 
produced is to be determined. 

Assumptions 1 Combustion is incomplete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 

Analysis The combustion equation with 1 00% excess air and 1 0% CO is 

C 8 H 18 +2x12.5(0 2 +3.76N 2 ) >8(0.90 C0 2 + 0.10CO) + 9H 2 0 + x0 2 + 2 x 12.5 x 3.76 N 2 

The coefficient for O 2 is determined from its mass balance as 


25 - 7.2 + 0.4 + 4.5 + x > x = 12.9 

Substituting, 

C 8 H 18 +25(0 2 +3.76N 2 ) >7.2 CO, + 0.8 CO + 9 H 2 0 + 12.9 0 2 +94 N 2 


The reactants and products are at 25 °C and 1 atm, which is the 
standard reference state and also the state of the surroundings. 

Therefore, the reversible work in this case is simply the difference 
between the Gibbs function of formation of the reactants and that 
of the products, 

^rev = R g / R - y ,N pg f P 

= (l)(l6,530) - (7.2)(-394,360) - (0.8)(- 1 37,1 50) - (9)(-228,590) 
= 5,022,952 kJ (per kmol of fuel) 


C 8 H 18 

1 atm, 25°C 
Air 

1 00% excess 
1 atm, 25°C 


Combustion 

chamber 


Products 

► 


1 atm, 25°C 


since the g° f - of stable elements at 25°C and 1 atm is zero. Per unit mass basis, 



5,022,952 kJ/kmol 
1 14kg/kmol 


44,060 kJ/kg fuel 


15-113E Methane is burned with stoichiometric air. The maximum work that can be produced is to be determined. 

Assumptions 1 Combustion is incomplete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 

Analysis The combustion equation is 


CH 4 +2(0, +3.76N 2 ) >CO, + 2H,0 + 7.52N 2 

The reactants and products are at 77°F and 1 atm, which is the standard 
reference state and also the state of the surroundings. Therefore, the 
reversible work in this case is simply the difference between the Gibbs 
function of formation of the reactants and that of the products, 

^rev 1=1 Rg f,R ~ fP 

= (lX- 21,860) - (1)(— 169,680) - (2)(-98,350) 

= 344,520 Btu (per lbmol of fuel) 


CH 4 


1 atm, 77°F 
Air 

1 00% theoretical 
1 atm, 77°F 


Combustion 

chamber 


Products 


► 

1 atm, 77°F 


since the gf of stable elements at 77°F and 1 atm is zero. Per unit mass basis, 
344,520 Btu/lbmol 


rev 161bm/lbmol 


21,530 Btu/lbm fuel 
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15-114E Methane is burned with 100% excess air. The maximum work that can be produced is to be determined and 
compared to when methane is burned with stoichiometric air. 

Assumptions 1 Combustion is incomplete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 

Analysis The combustion equation with 100% excess air is 

CH 4 +4(0 2 +3.76N 2 ) >C0 2 +2H 2 0 + 20 2 +15.04N, 

The reactants and products are at 77°F and 1 atm, which is the 
standard reference state and also the state of the surroundings. 

Therefore, the reversible work in this case is simply the 
difference between the Gibbs function of formation of the 
reactants and that of the products, 

^rev = R g f R - ^Npg f p 

= (lX- 21,860)- (1X-169, 680) - (2)(-98,350) 

= 344,520 Btu (per lbmol of fuel) 


CH 4 

1 atm, 77°F 
Air 


Combustion 

chamber 


1 00% excess 
1 atm, 77°F 


Products 

► 

1 atm, 77°F 


since the g°j- of stable elements at 77°F and 1 atm is zero. Per unit mass basis, 



344,52 Btu/lbmol 
16 lbm/lbmol 


= 21,530 Btu/lbmfuel 


The excess air only adds oxygen and nitrogen to the reactants and products. The excess air then does not change the 
maximum work. 
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15-115 Methane is burned steadily with 50 percent excess air in a steam boiler. The amount of steam generated per unit of 
fuel mass burned, the change in the exergy of the combustion streams, the change in the exergy of the steam stream, and the 
lost work potential are to be determined. 

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 

Properties The molar masses of CH 4 and air are 16 kg/kmol and 29 kg/kmol, respectively (Table A-l). 

Analysis (a) The fuel is burned completely with the excess air, and thus the products will contain only C0 2 , H 2 0, N 2 , and 
some free 0 2 . Considering 1 kmol CH 4 , the combustion equation can be written as 


CH 4 +3(0 2 + 3.76N,) >C0 2 +2H 2 0 + 0 2 +11.28N 2 

Under steady-flow conditions the energy balance E [n -E out = A£ system 
applied on the combustion chamber with W = 0 reduces to 

- Qout =^N P (h}+h-h°) p -^N R (h}+h- h° ) s 

Assuming the air and the combustion products to be ideal gases, we have 
h = h(Z). From the tables, 


CH 4 

25°C 

Air 


50% excess air 
25°C 


Combustion 

chamber 


Products 

227°C 


Substance 

hf 

kJ/kmol 

^298K 

kJ/kmol 

^500K 

kJ/kmol 

ch 4 

-74,850 

— 

— 

0 2 

0 

8682 

14.770 

n 2 

0 

8669 

14,581 

h 2 0 (g) 

-241,820 

9904 

16,828 

co 2 

-393,520 

9364 

17,678 


Thus, 

-Gout = (lX-393,520 + 17,678 - 9364)+ (2X-24 1,820 + 16,828 - 9904) 

+ (l)(0 + 14,770 - 8682)+ (l 1.28X0 + 14,581 - 8669)- (l)(- 74,850) 
= -707,373 kJ/kmol of fuel 


The heat loss per unit mass of the fuel is 



707,373 kJ/kmol of fuel 
1 6 kg/kmol of fuel 


= 44,2 llkJ/kg fuel 


The amount of steam generated per unit mass of fuel burned is determined from an energy balance to be (Enthalpies of 
steam are from tables A-4 and A-6) 


m 


Q 


out 


44,21 lkJ/kg fuel 


m 


f 


Ah (3214.5 - 852.26) kJ/kg steam 


18.72 kg steam/kg fuel 


(b) The entropy generation during this process is determined from 


^gen “ Sp S R + 


a 


out 


z 




R S R + 


Q 


out 


SUIT 


z 


surr 


The entropy values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total 
pressure of 1 atm, but the entropies are to be calculated at the partial pressure of the components which is equal to P { = y; 
P total? where yj is the mole fraction of component i. Then, 

S, = Nfli {T, P, ) = N, (s° (T, p 0 )- R h In (y.P m )) 
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The entropy calculations can be presented in tabular form as 



Ni 

yi 

Sj° (T,latm) 

R u in(yiPm) 

NjS; 

ch 4 

1 

— 

186.16 

0 

186.16 

o 2 

3 

0.21 

205.04 

-12.98 

654.06 

n 2 

11.28 

0.79 

191.61 

-1.960 

2183.47 

Sr = 3023.69 kJ/K 

co 2 

1 

0.0654 

234.814 

-22.67 

257.48 

H 2 o (g) 

2 

0.1309 

206.413 

-16.91 

446.65 

o 2 

1 

0.0654 

220.589 

-22.67 

243.26 

N 2 

11.28 

0.7382 

206.630 

-2.524 

2359.26 


S P = 3306.65 kJ/K 


Thus, 

0 707 373 

S gen = Sp - S R + = 3306.65 - 3023.69 + = 2657 kJ/K (per kmol fuel) 

T^urr 298 

The exergy change of the combustion streams is equal to the exergy destruction since there is no actual work output. That is, 
AX gases =-*dest = ~ T oS g m = "(298 K)(2657 kJ/K) = -79 1,786 kJ/kmol fuel 


Per unit mass basis, 


AX 


gases 


-79 1,786 kJ/kmol fuel 
1 6 kg/kmol 


= -49,490 kJ/kg fuel 


Note that the exergy change is negative since the exergy of combustion gases decreases. 

(c) The exergy change of the steam stream is 

AX steam = A h- T 0 As = (3214.5 - 852.26) - (298)(6.77 14 - 2.3305) = 1 039 kJ/kg steam 


(i d) The lost work potential is the negative of the net exergy change of both streams: 


X 


dest 


m 


m 


f 


AX + AX 

steam ' gases 


= -[(18.72 kg steam/kg fuel)(1039 kJ/kg steam) + (-49,490 kJ/kg fuel) 


= 30,040 kJ/kg fuel 
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15-116 A coal from Utah is burned steadily with 50 percent excess air in a steam boiler. The amount of steam generated per 
unit of fuel mass burned, the change in the exergy of the combustion streams, the change in the exergy of the steam stream, 
and the lost work potential are to be determined. 

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 5 The effect of sulfur on the energy and entropy balances 
is negligible. 

Properties The molar masses of C, H 2 , N 2 , 0 2 , S, and air are 12, 2, 28, 32, 32, and 29 kg/kmol, respectively (Table A-l). 

Analysis ( a ) We consider 100 kg of coal for simplicity. Noting that the mass percentages in this case correspond to the 
masses of the constituents, the mole numbers of the constituent of the coal are determined to be 


N c 

-^H2 
^02 
N N2 


m c 

61.40 kg 

M c ' 

12 kg/kmol 

m m 

5.79 kg 

M m 

2 kg/kmol 

m 02 

25.31kg 

M 02 

32 kg/kmol 

m N2 

1.09 kg 

^N2 

28 kg/kmol 

m S . 

1.41kg 


Mo 32 kg/kmol 


= 5.1 17 kmol 


= 2.895 kmol 


= 0.7909 kmol 


= 0.03893 kmol 


= 0.04406 kmol 


61.40% C 
5.79% H 2 
25.31% 0 2 
1.09% N 2 
1.41% S 
5.00% ash 
(by mass) 


The mole number of the mixture and the mole fractions are 


=5.117 + 2.895 + 0.7909 + 0.03893 + 0.04406 = 8.886 kmol 


m 


N 


yc 
ym 
y 02 
y N2 

^S 


5.1 17 kmol 


N m 

8.886 kmol 

Nm 

_ 2.895 kmol _ c 

N m 

8.886 kmol 

^02 

_ 0.7909 kmol _ 

N m 

8.886 kmol 

Nm 

0.03893 kmol 

N m 

8.886 kmol 

Ns 

0.04406 kmol 


= 0.0890 


= 0.00438 


Coal 

25°C 

Air 

50% excess air 
25°C 


Combustion 

chamber 


N 


m 


8.886 kmol 


= 0.00496 


Products 
221° C 


Ash consists of the non-combustible matter in coal. Therefore, the mass of ash content that enters the combustion chamber 
is equal to the mass content that leaves. Disregarding this non-reacting component for simplicity, the combustion equation 
may be written as 

0.5758C + 0.3258H 2 +0.08900 2 +0.00438N 2 + 0.00496S + 1.5a th (0 2 +3.76N 2 ) 

>0.5758CO 2 +0.3258H 2 0 + 0.00496S0 2 + 0.5a th O 2 +1.5 a th x3.76N 2 


According to the oxygen balance, 

0 2 balance: 0.0890 + 1.5« th = 0.5758 + 0. 5x0.3258 + 0. 00496 + 0. 5a th >a th =0.6547 

Substituting, 

0.5758C + 0.3258H 2 +0.08900 2 +0.00438N 2 + 0.00496S + 0.9821(O 2 +3.76N 2 ) 

>0.5758CO 2 +0.3258H 2 0 + 0.00496S0 2 +0.3274O 2 +3.693N 2 

The apparent molecular weight of the coal is 
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_ m„, (0.5758 x 12 + 0.3258 x 2 + 0.0890 x 32 + 0.00438 x 28 + 0.00496 x 32) kg 

~ AT" ~ (0.5758 + 0.3258 + 0.0890 + 0.00438 + 0.00496) kmol 

= ^‘69 kg _ io.69 kg/kmol coal 
1 .0 kmol 

Under steady-flow conditions the energy balance E m -E out = A E tem applied on the combustion chamber with W=0 
reduces to 

- Gout = £ ■ N p (h} + . h - 7° ) p - £ Nr (h°f +h- h° ) R 
Assuming the air and the combustion products to be ideal gases, we have h = h(Z). From the tables, 


Substance 

hf 

kJ/kmol 

^298K 

^500K 

kJ/kmol 

kJ/kmol 

o 2 

0 

8682 

14,770 

n 2 

0 

8669 

14,581 

h 2 0 (g) 

-241,820 

9904 

16,828 

co 2 

-393,520 

9364 

17,678 


Thus, 

-Q out = (0.5758X-393,520 + 17,678 - 9364)+ (0.3258)(-241,820 + 16,828 - 9904) 
+ (0.3274X0 + 14,770 - 8682)+ (3.693X0 + 14,58 1 - 8669)- 0 
= -274,505 kJ/kmol of fuel 


The heat loss per unit mass of the fuel is 



274,505 kJ/kmol of fuel 
10.69 kg/kmol of fuel 


= 25,679 kJ/kg fuel 


The amount of steam generated per unit mass of fuel burned is determined from an energy balance to be (Enthalpies of 
steam are from tables A-4 and A-6) 


m 


Q 


out 


25,679 kJ/kg fuel 


m 


f A h s (3214.5 -852.26) kJ/kg steam 


10.87 kg steam/kg fuel 


( b ) The entropy generation during this process is determined from 


^gen “ Sp S R + 


Q 


out 


z 




R S R + 


Q 


out 


SUIT 


z 


surr 


The entropy values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total 
pressure of 1 atm, but the entropies are to be calculated at the partial pressure of the components which is equal to P { = yi 
P total? where is the mole fraction of component i. Then, 

Si = Nfli (T, P ; ) = (j; (T, P 0 )- R„ ln{y i P m )) 
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The entropy calculations can be presented in tabular form as 



Ni 

Yi 

s^Tjlatm) 

RXyjPj 

Njs, 

c 

0.5758 

0.5758 

5.74 

-4.589 

5.95 

h 2 

0.3258 

0.3258 

130.68 

-9.324 

45.61 

o 2 

0.0890 

0.0890 

205.04 

-20.11 

20.04 

N 2 

0.00438 

0.00438 

191.61 

-45.15 

1.04 

o 2 

0.9821 

0.21 

205.04 

-12.98 

214.12 

n 2 

3.693 

0.79 

191.61 

-1.960 

714.85 

S R = 1001.61 kJ/K 

co 2 

0.5758 

0.1170 

234.814 

-17.84 

145.48 

H 2 0 (g) 

0.3258 

0.0662 

206.413 

-22.57 

74.60 

0 2 

0.3274 

0.0665 

220.589 

-22.54 

79.60 

n 2 

3.693 

0.7503 

206.630 

-2.388 

771.90 


S P = 1071.58 kJ/K 


Thus, 

5 gen = s p ~ s r + — = 1071.58-1001.61+ 274,505 = 991.1 kJ/K (per kmol fuel) 

-^surr ^98 

The exergy change of the combustion streams is equal to the exergy destruction since there is no actual work output. That is, 
AX g ases = — X dest = -T 0 S gen = -(29 8 K)(99 1 . 1 kJ/K) = -295,348 kJ/kmol fuel 


Per unit mass basis, 


AX 


gases 


-295,348 kJ/K 
10.69 kg/kmol 


= -27,630 kJ/kg fuel 


Note that the exergy change is negative since the exergy of combustion gases decreases. 

(c) The exergy change of the steam stream is 

AX steam = Ah - T 0 As = (3214.5 - 852.26) - (298)(6.77 14 - 2.3305) = 1 039 kJ/kg steam 


(i d) The lost work potential is the negative of the net exergy change of both streams: 


X 


dest 


m 


m 


f 


steam gases 


= -[(10.87 kg steam/kg fuel)(1039 kJ/kg steam) + (-27,630 kJ/kg fuel) 


= 16,340 kJ/kg fuel 
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15-117 An expression for the HHV of a gaseous alkane C n H 2n +2 in terms of n is to be developed. 

Assumptions 1 Combustion is complete. 2 The combustion products contain C0 2 , H 2 0, and N 2 . 3 Combustion gases are 
ideal gases. 

Analysis The complete reaction balance for 1 kmol of fuel is 

C„H 2n+2 +^(0 2 +3.76N 2 ) >nC0 2 + (/z + l)H 2 0 + ^C(3.76)N 2 


Both the reactants and the products are taken to be at the standard reference state of 25°C and 1 atm for the calculation of 
heating values. The heat transfer for this process is equal to enthalpy of combustion. Note that N 2 and 0 2 are stable 
elements, and thus their enthalpy of formation is zero. Then, 


q = h C = Hp -H R =Y, N ? h b - Z N * h b = K° L + ( Nh °f Lo - ( Nh °f L 


For the HHV, the water in the products is taken to be liquid. Then, 
h c = «(-393,520) + (n + 1)(-285,830) -{h} ) &d 
The HHV of the fuel is 

_ h n(- 393,520) + (n + 1)(-285,830) - (h ° f ) 
HHV = — = v /tuel 

M fuel M fuel 


For the LHV, the water in the products is taken to be vapor. Then, 


LHV = 


n(-393,520) + (n + 1)(-24 1 ,820) - [h° f 


fuel 


M 


fuel 


Fuel 

► 


Air 

theoreticaf 


Combustion 

chamber 


Products 
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15-118 It is to be shown that the work output of the Carnot engine will be maximum when T = JT 0 T af . It is also to be 


p \l "U" af 

r r—\ 2 


shown that the maximum work output of the Carnot engine in this case becomes w = CT df 


i_ TK 


Analysis The combustion gases will leave the combustion chamber and enter the heat exchanger at the adiabatic flame 
temperature T af since the chamber is adiabatic and the fuel is burned completely. The combustion gases experience no 
change in their chemical composition as they flow through the heat exchanger. Therefore, we can treat the combustion 
gases as a gas stream with a constant specific heat c p . Noting that the heat exchanger involves no work interactions, the 
energy balance equation for this single-stream steady-flow device can be written as 

Q = m(h e - hi)= mc{r p - r af ) 

where Q is the negative of the heat supplied to the heat engine. That is, 

Qh = ~Q = m c{ T a f ~ T p ) 

Then the work output of the Carnot heat engine can be expressed as 


W = Q h 


' T ' 

i-ie 

T 

V p J 


= mC[T, df -T p I 1 


Tn 


T 


( 1 ) 


p J 


Taking the partial derivative of W with respect to T p while holding T af and T 0 
constant gives 


dW 


dT 


= 0 


-> -mC 


p 


1 


Tr 


T. 


V ~p J 


+ mC\T p - T af )T- 


= 0 


Solving for T p we obtain 
T p = ^T 0 T df 

which the temperature at which the work output of the Camot engine will be a 
maximum. The maximum work output is determined by substituting the relation 
above into Eq. (1), 

' T ' 

1- 7 ° 


w = rhcfa -T p \l-^- = mc(r af - 




It simplifies to 


W = mCT 


af 


A' 


1- 


or 


w=CT 


af 






A' 
o 

af j 



which is the desired relation. 
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15-119 It is to be shown that the work output of the reversible heat engine operating at the specified conditions is 


W rev = mCT 0 


f. r T f 

— -1-ln ai 

V T o 


T, 


. It is also to be shown that the effective flame temperature T e of the furnace considered is 


o J 


j _ ?af ^0 

6 In {T 3f /T 0 )' 

Analysis The combustion gases will leave the combustion chamber and enter the heat exchanger at the adiabatic flame 
temperature T a f since the chamber is adiabatic and the fuel is burned completely. The combustion gases experience no 
change in their chemical composition as they flow through the heat exchanger. Therefore, we can treat the combustion 
gases as a gas stream with a constant specific heat c p . Also, the work output of the reversible heat engine is equal to the 
reversible work W reY of the heat exchanger as the combustion gases are cooled from T a f to Tq. That is, 


W rev = m{hi -h e -T 0 {s, :-S e )) 


= mC 


T a f T 0 T {) 


r r p <? oY\ 

Cln-^-- /?ln — — 


T, 


o 


R 


o 


Fuel Air 
T 0 


J) 


— mC 

which can be rearranged as 
= mCT 0 


T a f Tf\ Tc\C In 


I 


af 


Tr 


0 J 


Adiabatic 

combustion 

chamber 


Heat 

Exchanger 


+ T 0 


rev 


f rri r 1 1 ^ 

-^--1 - In— 




Tr 


or w rev = CT q 


o j 


T 


af 




-1-ln 


T 


af 


Tr 


0 J 


which is the desired result. 



W 


The effective flame temperature T e can be determined from the 
requirement that a Carnot heat engine which receives the same amount of heat 
from a heat reservoir at constant temperature T e produces the same amount of 
work. The amount of heat delivered to the heat engine above is 

Qn = Mh, -h e ) = rnC(T a{ - T 0 ) 

A Carnot heat engine which receives this much heat at a constant temperature T e will produce work in the amount of 


Surroundings 



W - Qh 7th, Carnot “ T 0 j 1 


T 




T 


(2) 


e J 


Setting equations (1) and (2) equal to each other yields 


mCTn 


T 


af 




l-ln 7af 


Tr 


= mC{T df -T 0 i 1- 


T t\ 


o J 


T 


e J 


r af -r 0 -7oln^- = T af -T a{ ^-T 0 + T, 

^0 1 e 


Simplifying and solving for T e , we obtain 
T* f ~T 0 


0 


Zo 

T„ 


Te In fa/To) 


which is the desired relation. 
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15-120 The combustion of a hydrocarbon fuel C n H m with excess air and incomplete combustion is considered. The 
coefficients of the reactants and products are to be written in terms of other parameters. 

Analysis The balanced reaction equation for stoichiometric air is 


15-118 


C„H m + A th [0 2 +3.76 n 2 ] >n CO, + (m/2) H 2 0 + 3.76A th N 2 C n H m 

The stoichiometric coefficient A th is determined from an 0 2 balance: 

A th =» + '»/ 4 Excess air 

The reaction with excess air and incomplete combustion is 

C„H„, + (1 + B)A th [o 2 + 3.76N 2 ] >an C0 2 +bn CO + (m/2) H 2 0 + GO, + 3.76(1 + B)A th N 2 

The given reaction is 

C„H m + (1 + B)A th [0 2 + 3.76N 2 ] >DC0 2 +TC0 + FH 2 0 + G0 2 +7N 2 


Combustion ^ C0 2 , CO 

chamber H 2 0, 0 2 , N? 


Thus, 

D = an 
E = bn 
F = m/2 

7 =3.76(1 + 5) A* 

The coefficient G for 0 2 is determined from a mass balance, 
0 2 balance: 


/i nx a bn m ^ 

(1 + B^Afu — an 1 r G 

2 4 


(l + B) 


n H 

4 


bn m ^ 

— an H 1 h G 

2 4 


/ 


v 


m 

n - 1 

4 


v 

^ bn m ^ 

+ BAfa = an -\ 1 b G 


bn 

G = n + /5/\ th - an 


bn 

= «(1 - a) + BA th - — 


, bn 

= nb b BA 

2 


th 


bn 


+ BA 


th 
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15-121 The combustion of an alcohol fuel (C n H m O x ) with excess air and incomplete combustion is considered. The 
coefficients of the reactants and products are to be written in terms of other parameters. 

Analysis The balanced reaction equation for stoichiometric air is 


15-119 


C„H m O A .+A th [0 2 +3.76N,] >n C0 2 + (m/2) H 2 0 + 3.76A th N 2 

The stoichiometric coefficient A th is determined from an 0 2 balance: 

x / 2 + A th = n + m / 4 > A th = n + m/ 4 — jc / 2 

The reaction with excess air and incomplete combustion is 


C„HnA 


► 

Excess air 


Combustion 

chamber 


C„H m 0 A +(l + B)A th [0 2 +3.76N 2 ] 


>an C0 2 + bn CO + (m/2) H 2 0 + G 0 2 + 3.76(1 + B)A 


The given reaction is 

C„H„,O t + (l + 5)A th [0 2 + 3.76N 2 ] >£>C0 2 + E CO + F H 2 0 + G 0 2 +J N 2 


Thus, 

D = an 
E = bn 
F = m / 2 

J =3.76(1 + £) A th 

The coefficient G for 0 2 is determined from a mass balance, 
0 2 balance: 


* A bn m 

— h (1 + 2?)A t u — an H 1 r G 

2 2 4 




— + (1 + 


/ m 

n H 

4 2 


— + 
2 


f 


v 


m x 

n - 1 

4 2 


+ 5 


m 

— H 1 b C 

2 4 


m x 

/2 H 

4 2 


/ 

^ m 

— -I 1 b G 


X 

— + 
2 


m x 

n - 1 

4 2 


m 


+ 5A th — $72 H ! b G 


G = n — an + Z?A th - 


/?/2 


hn 

= n(l-a)- — + BA th 


= nb- — + BA 
2 


th 


bn 


+ BA 


th 


C0 2 , CO 
h 2 o, o 2 , n 2 


n 2 
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15-122 The combustion of a mixture of an alcohol fuel (C n H m O x ) and a hydrocarbon fuel (C W H Z ) with excess air and 
incomplete combustion is considered. The coefficients of the reactants and products are to be written in terms of other 
parameters. 

Analysis The balanced reaction equation for stoichiometric air is 

}'i + y 2 C W H, + A th [o, +3.76N 2 ] >(y x ii + y 2 w)C0 2 + 0.5(y x m + y 2 z) H 2 0 + 3.76A th N 2 

The stoichiometric coefficient A t h is determined from an O 2 balance: 

y { x / 2 + A th = (y x n + y 2 w ) + (y x m + y 2 z )/ 4 > A th = (y x n + y 2 w) + (y x m + y 2 z)/ 4- y x xl 2 

The reaction with excess air and incomplete combustion is 

Vi + y 2 C m ,H. + (1 + B)A th [0 2 + 3.76N 2 ] 

>a(y x n + y 2 w ) + b(y x n + y 2 w) CO + 0.5(y 1 m + y 2 z) H 2 0 + G 0 2 +3.76(1 + B)A th N 2 


The given reaction is 


y x C„H m O x +y 2 C M .H_ + (1 + B)A tb [o 2 + 3.76N 2 ] >DC0 2 + E CO + F H 2 0 + G 0 2 + / N 2 


Thus, 

D = a{y x n + y 2 w) 

E = b{y x n + y 2 w) 

F =0.5(y x m + y 2 z) 
J =3.76(1 + B)A th 


C n H m O x 

C W H Z 


► 

Excess air 


Combustion 

chamber 


C0 2 , CO 
H 2 0, 0 2 , n 2 


The coefficient G for 0 2 is determined from a mass balance, 
0 2 balance: 


+ (1 + ^)A th = a{y x n + y 2 w) + 0.5 b(y x n + y 2 w) + 0.25(y 1 m + y 2 z) + G 
0 . 5 y j a: + (y x n + y 2 w) + 0.25(y 1 m + y 2 z) - 0.5^^ + BA th = a(y x n + y 2 w) + 0.5 b(y x n + y 2 w) + 0.25(3^^71 + y 2 z) + G 

G = ( y x n + y 2 w) - a(y x n + y 2 w) - 0.5 b(y x n + y 2 w) + BA th 
= ( y x n + y 2 w)( 1 - a) - 0 .5b(y x n +y 2 w) + BA th 
= b(y x n + y 2 w) - 0.5b(y x n + y 2 w) + BA th 
= 0.5b(y x n + y 2 w) + BA th 
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15-123 



investigated. 


The effect of the amount of air on the adiabatic flame temperature of liquid octane (CgH] 8 ) is to be 


Analysis The problem is solved using EES, and the solution is given below. 


Adiabatic Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 

Reaction: CxHyOz + (y/4 + x-z/2) (Theo_air/100) (02 + 3.76 N2) 

<--> xC02 + (y/2) H20 + 3.76 (y/4 + x-z/2) (Theo_air/1 00) N2 + (y/4 + x-z/2) (Theo_air/100 - 1) 02" 
"For theoretical oxygen, the complete combustion equation for CH30H is" 

"CH30H + A_th 02=1 C02+2 H20 " 

"1+ 2*A_th=1 *2+2*1 ""theoretical O balance" 

"Adiabatic, Incomplete Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 

Reaction: CxHyOz + (y/4 + x-z/2) (Theo_air/1 00) (02 + 3.76 N2) 

<-> (x-w)C02 +wCO + (y/2) H20 + 3.76 (y/4 + x-z/2) (Theo_air/1 00) N2 + ((y/4 + x-z/2) 
(Theo_air/100 - 1) +w/2)02" 

"T_prod is the adiabatic combustion temperature, assuming no dissociation. 

Theo_air is the % theoretical air. " 

"The initial guess value of T prod = 450K ." 

Procedure Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$) 

"This procedure takes the fuel name and returns the moles of C and moles of H" 

If fuel$='C2H2(g)' then 
x=2;y=2; z=0 

Name$='Acetylene' 

h_fuel = 226730 

else 

If fuel$='C3H8(l)' then 
x=3; y=8; z=0 

Name$='Propane(liq)' 

h_fuel = -103850-15060 

else 

If fuel$='C8H18(l)' then 
x=8; y=18; z=0 
Name$='Octane(liq)' 

h_fuel = -249950 

else 

if fuel$='CH4(g)' then 
x=1; y=4; z=0 
Name$='Methane' 

h_fuel = enthalpy(CH4,T=T_fuel) 

else 

if fuel$- CH30H(g)' then 
x=1; y=4; z=1 
Name$='Methyl alcohol' 

h_fuel = -200670 

endif; endif; endif; endif; endif 
end 

Procedure Moles(x,y,z,Th_air,A_th:w,Mol02,SolMeth$) 

ErrTh =(2*x + y/2 - z - x)/(2*A_th)*1 00 
IF Th_air >= 1 then 

SolMeth$ = '>= 100%, the solution assumes complete combustion.' 

{MolCO = 0 
MolC02 = x} 
w=0 

Mol02 = A_th*(Th_air - 1) 

GOTO 10 
ELSE 

w = 2*x + y/2 - z - 2*A_th*Th_air 
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IF w > x then 

Call ERROR('The moles of C02 are negative, the percent theoretical air must be >= xxxF3 %',ErrTh) 

Else 

SolMeth$ = '< 100%, the solution assumes incomplete combustion with no 0_2 in products.' 

Mol02 = 0 
endif; endif 
10 : 

END 

{"Input data from the diagram window" 

T_air = 298 [K] 

Theo_air = 200 "%" 

Fuel$='CH4(g)'} 

T_fuel = 298 [K] 

Call Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$) 

A_th — x + y/4 - z/2 
Th_air = Theo_air/100 

Call Moles(x,y,z,Th_air,A_th:w,Mol02,SolMeth$) 

HR=h_fuel+ (x+y/4-z/2) *(Theo_air/100) *enthalpy(02,T=T_air)+3.76*(x+y/4-z/2) *(Theo_air/100) 
*enthalpy(N2,T=T_air) 

HP=HR "Adiabatic" 

PIP=(x-w)*enthalpy(C02,T=T_prod)+w*enthalpy(CO,T=T_prod)+(y/2)*enthalpy(H20,T=T prod)+3.76*(x+y/4- 
z/2)* (Theo_air/1 00)*enthalpy(N2,T=T_prod)+Mol02*enthalpy(02,T=T_prod) 

Moles_02=Mol02 

Moles_N2=3.76*(x+y/4-z/2)* (Theo_air/1 00) 

Moles_C02=x-w 

Moles_CO=w 

Moles_H20=y/2 


Theo air 

f%l 

T prod 

[K1 

75 

2077 

90 

2287 

100 

2396 

120 

2122 

150 

1827 

200 

1506 

300 

1153 

500 

840.1 

800 

648.4 
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15-124 m ^ d A general program is to be written to determine the adiabatic flame temperature during the complete 
combustion of a hydrocarbon fuel C n H m at 25°C in a steady-flow combustion chamber when the percent of excess air and its 
temperature are specified. 

Analysis The problem is solved using EES, and the solution is given below. 


Adiabatic Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 

Reaction: CxHyOz + (y/4 + x-z/2) (Theo_air/1 00) (02 + 3.76 N2) 

<--> xC02 + (y/2) H20 + 3.76 (y/4 + x-z/2) (Theo_air/100) N2 + (y/4 + x-z/2) (Theo_air/100 - 1) 02" 
"For theoretical oxygen, the complete combustion equation for CH30H is" 

"CH30H + A_th 02=1 C02+2 H20 " 

"1+ 2*A_th=1 *2+2*1 ""theoretical O balance" 

"Adiabatic, Incomplete Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 

Reaction: CxHyOz + (y/4 + x-z/2) (Theo_air/1 00) (02 + 3.76 N2) 

<-> (x-w)C02 +wCO + (y/2) H20 + 3.76 (y/4 + x-z/2) (Theo_air/1 00) N2 + ((y/4 + x-z/2) 
(Theo_air/100 - 1) +w/2)02" 

"T_prod is the adiabatic combustion temperature, assuming no dissociation. 

Theo air is the % theoretical air. " 

"The initial guess value of T prod = 450K ." 

Procedure Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$) 

"This procedure takes the fuel name and returns the moles of C and moles of H" 

If fuel$='C2H2(g)' then 
x=2;y=2; z=0 

Name$='acetylene' 

h_fuel = 226730 

else 

If fuel$='C3H8(l)' then 
x=3; y=8; z=0 

Name$='propane(liq)' 

h_fuel = -103850-15060 

else 

If fuel$='C8H18(l)' then 
x=8; y=18; z=0 
Name$='octane(liq)' 

h_fuel = -249950 

else 

if fuel$='CH4(g)' then 
x=1; y=4; z=0 
Name$='methane' 

h_fuel = enthalpy(CH4,T=T_fuel) 

else 

if fuel$='CH30H(g)' then 
x=1; y=4; z=1 
Name$='methyl alcohol' 

h fuel = -200670 


endif; endif; endif; endif; endif 
end 

Procedure Moles(x,y,z,Th_air,A_th:w,Mol02,SolMeth$) 

ErrTh =(2*x + y/2 - z - x)/(2*A_th)*1 00 
IF Th_air >= 1 then 

SolMeth$ = '>= 100%, the solution assumes complete combustion.' 
{MolCO = 0 
MolC02 = x} 
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w=0 

Mol02 = A_th*(Th_air - 1) 

GOTO 10 
ELSE 

w — 2*x + y/2 - z - 2*A_th*Th_air 
IF w > x then 

Call ERROR('The moles of 002 are negative, the percent theoretical air must be >= xxxF3 %',ErrTh) 

Else 

SolMeth$ = '< 100%, the solution assumes incomplete combustion with no 0_2 in products.' 

Mol02 = 0 
endif; endif 
10 : 

END 

{"Input data from the diagram window" 

T_air = 298 [K] 

Theo air = 120 [%] 

Fuel$='CH4(g)'} 

T_fuel = 298 [K] 

Call Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$) 

A_th — x + y/4 - z/2 
Th_air = Theo_air/100 

Call Moles(x,y,z,Th_air,A_th:w,Mol02,SolMeth$) 

HR=h_fuel+ (x+y/4-z/2) *(Theo_air/100) *enthalpy(02,T=T_air)+3.76*(x+y/4-z/2) *(Theo_air/100) 
*enthalpy(N2,T=T_air) 

HP=HR "Adiabatic" 

FIP=(x-w)*enthalpy(C02,T=T_prod)+w*enthalpy(CO,T=T_prod)+(y/2)*enthalpy(H20,T=T prod)+3.76*(x+y/4- 
z/2)* (Theo_air/1 00)*enthalpy(N2,T=T_prod)+Mol02*enthalpy(02,T=T_prod) 

Moles_02=Mol02 

Moles_N2=3.76*(x+y/4-z/2)* (Theo_air/1 00) 

Moles_C02=x-w 

Moles_CO=w 

Moles_H20=y/2 


SOLUTION for the sample calculation 

A_th=5 fuel$='C3H8(l)' 

HP=-1 19035 [kJ/kg] HR=-1 19035 [kJ/kg] 


h_fuel=-1 18910 
Moles_C02=3.000 
Moles J42=22. 560 
Mol02=1 

SolMeth$='>= 100%, 
Theo_air=120 [%] 
T_air=298 [K] 
T_prod=21 12 [K] 


Moles_CO=0.000 
Moles_H20=4 
Moles_02=1 .000 
Name$='propane(liq)' 

the solution assumes complete combustion.' 
Th_air=1.200 
TJueN298 [K] 
w=0 


x=3 



z=0 
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The minimum percent of excess air that needs to be used for the fuels CH 4 (g), C 2 H 2 (g), CH 3 OH(g), C 3 H 8 (g), 


and C 8 Hi 8 (/) if the adiabatic flame temperature is not to exceed 1500 K is to be determined. 
Analysis The problem is solved using EES, and the solution is given below. 


Adiabatic Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 

Reaction: CxHyOz + (y/4 + x-z/2) (Theo_air/100) (02 + 3.76 N2) 

<--> xC02 + (y/2) H20 + 3.76 (y/4 + x-z/2) (Theo_air/1 00) N2 + (y/4 + x-z/2) (Theo_air/100 - 1) 02" 
{"For theoretical oxygen, the complete combustion equation for CH30H is" 

"CH30H + A_th 02=1 C02+2 H20 " 

1+ 2*A_th=1 *2+2*1 "theoretical O balance"} 

"T_prod is the adiabatic combustion temperature, assuming no dissociation. 

Theo_air is the % theoretical air. " 

"The initial guess value of T prod = 450K ." 

Procedure Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$) 

"This procedure takes the fuel name and returns the moles of C and moles of H" 

If fuel$='C2H2(g)' then 
x=2;y=2; z=0 

Name$='acetylene' 

h_fuel = 226730 

else 

If fuel$='C3H8(g)' then 
x=3; y=8; z=0 
Name$='propane' 

h_fuel = enthalpy(C3H8,T=T_fuel) 

else 

If fuel$='C8H18(l)' then 
x=8; y=18; z=0 
Name$='octane' 

h_fuel = -249950 

else 

if fuel$='CH4(g)' then 
x=1; y=4; z=0 
Name$='methane' 

h_fuel = enthalpy(CH4,T=T_fuel) 

else 

if fuel$='CH30H(g)' then 
x=1; y=4; z=1 
Name$='methyl alcohol' 

h fuel = -200670 


endif; endif; endif; endif; endif 
end 

{"Input data from the diagram window" 

T_air = 298 [K] 

Fuel$='CH4(g)'} 

T_fuel = 298 [K] 

Excess_air=Theo_air - 100 "[%]" 

Call Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$) 

A_th = y/4 + x-z/2 
Th_air = Theo_air/100 

HR=h_fuel+ (y/4 + x-z/2) *(Theo_air/100) *enthalpy(02,T=T_air)+3.76*(y/4 + x-z/2) *(Theo_air/100) 
*enthalpy(N2,T=T_air) 

HP=HR "Adiabatic" 
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HP=x*enthalpy(C02,T=T_prod)+(y/2)*enthalpy(H20,T=T_prod)+3.76*(y/4 + x-z/2)* 
(Theo_air/100)*enthalpy(N2,T=T_prod)+(y/4 + x-z/2) *(Theo_air/100 - 1)*enthalpy(02,T=T_prod) 

Moles_02=(y/4 + x-z/2) *(Theo_air/100 - 1) 

Moles_N2=3.76*(y/4 + x-z/2)* (Theo_air/100) 

Moles_C02=x 
Moles_H20=y/2 
T[1]=T_prod; xa[1]=Theo_air 


SOLUTION for a sample calculation 

A_th=2.5 
fuel$='C2H2(g)' 

HR=226596 [kJ/kg] 

Moles_C02=2 
Moles_N2=24.09 
Name$='acetylene' 

Th_air=2.563 
T_air=298 [K] 

T_prod=1500 [K] 
xa[1]=256.3 
z=0 



PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



15-127 


15-126 



The minimum percentages of excess air that need to be used for the fuels CH 4 (g), C 2 H 2 (g), CH 3 OH(g), 


C 3 H 8 (g), and C8H18(1) AFOR adiabatic flame temperatures of 1200 K, 1750 K, and 2000 K are to be determined. 
Analysis The problem is solved using EES, and the solution is given below. 


Adiabatic Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 

Reaction: CxHyOz + (y/4 + x-z/2) (Theo_air/100) (02 + 3.76 N2) 

<--> xC02 + (y/2) H20 + 3.76 (y/4 + x-z/2) (Theo_air/1 00) N2 + (y/4 + x-z/2) (Theo_air/100 - 1) 02" 
{"For theoretical oxygen, the complete combustion equation for CH30H is" 

"CH30H + A_th 02=1 C02+2 H20 " 

1+ 2*A_th=1 *2+2*1 "theoretical O balance"} 

"T_prod is the adiabatic combustion temperature, assuming no dissociation. 

Theo_air is the % theoretical air. " 

"The initial guess value of T prod = 450K ." 

Procedure Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$) 

"This procedure takes the fuel name and returns the moles of C and moles of H" 

If fuel$='C2H2(g)' then 
x=2;y=2; z=0 

Name$='acetylene' 

h_fuel = 226730 

else 

If fuel$='C3H8(g)' then 
x=3; y=8; z=0 
Name$='propane' 

h_fuel = enthalpy(C3H8,T=T_fuel) 

else 

If fuel$='C8H18(l)' then 
x=8; y=18; z=0 
Name$='octane' 

h_fuel = -249950 

else 

if fuel$='CH4(g)' then 
x=1; y=4; z=0 
Name$='methane' 

h_fuel = enthalpy(CH4,T=T_fuel) 

else 

if fuel$='CH30H(g)' then 
x=1; y=4; z=1 
Name$='methyl alcohol' 

h fuel = -200670 


endif; endif; endif; endif; endif 
end 

{"Input data from the diagram window" 

T_air = 298 [K] 

Fuel$='CH4(g)'} 

T_fuel = 298 [K] 

Excess_air=Theo_air - 100 "[%]" 

Call Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$) 

A_th = y/4 + x-z/2 
Th_air = Theo_air/100 

HR=h_fuel+ (y/4 + x-z/2) *(Theo_air/100) *enthalpy(02,T=T_air)+3.76*(y/4 + x-z/2) *(Theo_air/100) 
*enthalpy(N2,T=T_air) 

HP=HR "Adiabatic" 
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HP=x*enthalpy(C02,T=T_prod)+(y/2)*enthalpy(H20,T=T_prod)+3.76*(y/4 + x-z/2)* 
(Theo_air/100)*enthalpy(N2,T=T_prod)+(y/4 + x-z/2) *(Theo_air/100 - 1)*enthalpy(02,T=T_prod) 

Moles_02=(y/4 + x-z/2) *(Theo_air/100 - 1) 

Moles_N2=3.76*(y/4 + x-z/2)* (Theo_air/100) 

Moles_C02=x 
Moles_H20=y/2 
T[1]=T_prod; xa[1]=Theo_air 


SOLUTION for a sample calculation 


A_th=5 

fuel$='C3H8(g)' 
HR— 103995 [kJ/kg] 
Moles_C02=3 
Moles_N2=24.7 
Name$='propane' 
Th_air=1 .314 
T_air=298 [K] 
T_prod=2000 [K] 
xa[1]=131.4 
z=0 


Excess_air=31 .395 [%] 
HP=-1 03995 [kJ/kg] 
h_fuel=-1 03858 
Moles_H20=4 
Moles_02=1 .570 
Theo_air=131.4 [%] 
T[1]=2000 [K] 
T_fuel=298 [K] 
x=3 
y = 8 
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The adiabatic flame temperature of CH 4 (g) is to be determined when both the fuel and the air enter the 


combustion chamber at 25°C for the cases of 0, 20, 40, 60, 80, 100, 200, 500, and 1000 percent excess air. 
Analysis The problem is solved using EES, and the solution is given below. 


Adiabatic Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 

Reaction: CxHyOz + (y/4 + x-z/2) (Theo_air/100) (02 + 3.76 N2) 

<— > xC02 + (y/2) H20 + 3.76 (y/4 + x-z/2) (Theo_air/1 00) N2 + (y/4 + x-z/2) (Theo_air/100 - 1) 02" 
"For theoretical oxygen, the complete combustion equation for CH30H is" 

"CH30H + A_th 02=1 C02+2 H20 " 

"1+ 2*A_th=1 *2+2*1 ""theoretical O balance" 

"Adiabatic, Incomplete Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 

Reaction: CxHyOz + (y/4 + x-z/2) (Theo_air/1 00) (02 + 3.76 N2) 

<-> (x-w)C02 +wCO + (y/2) H20 + 3.76 (y/4 + x-z/2) (Theo_air/1 00) N2 + ((y/4 + x-z/2) 
(Theo_air/100 - 1) +w/2)02" 

"T_prod is the adiabatic combustion temperature, assuming no dissociation. 

Theo_air is the % theoretical air. " 

"The initial guess value of T prod = 450K ." 

Procedure Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$) 

"This procedure takes the fuel name and returns the moles of C and moles of H" 

If fuel$='C2H2(g)' then 
x=2;y=2; z=0 

Name$='acetylene' 

h_fuel = 226730 

else 

If fuel$='C3H8(g)' then 
x=3; y=8; z=0 
Name$='propane' 

h_fuel = enthalpy(C3H8,T=T_fuel) 

else 

If fuel$='C8H1 8(1)' then 
x=8; y=18; z=0 
Name$='octane' 

h_fuel = -249950 

else 

if fuel$='CH4(g)' then 
x=1; y=4; z=0 
Name$='methane' 

h_fuel = enthalpy(CH4,T=T_fuel) 

else 

if fuel$='CH30H(g)' then 
x=1; y=4; z=1 
Name$='methyl alcohol' 

h fuel = -200670 


endif; endif; endif; endif; endif 
end 

Procedure Moles(x,y,z,Th_air,A_th:w,Mol02,SolMeth$) 

ErrTh =(2*x + y/2 - z - x)/(2*A_th)*1 00 
IF Th_air >= 1 then 

SolMeth$ = '>= 100%, the solution assumes complete combustion.' 
{MolCO = 0 
MolC02 = x} 
w=0 

Mol02 = A_th*(Th_air- 1) 
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GOTO 10 
ELSE 

w = 2*x + y/2 - z - 2*A_th*Th_air 
IF w > x then 

Call ERROR('The moles of C02 are negative, the percent theoretical air must be >= xxxF3 %',ErrTh) 

Else 

SolMeth$ = '< 100%, the solution assumes incomplete combustion with no 0_2 in products.' 

Mol02 = 0 
endif; endif 
10 : 

END 

{"Input data from the diagram window" 

T_air = 298 [K] 

Theo_air = 200 [%] 

Fuel$='CH4(g)'} 

T_fuel = 298 [K] 

Call Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$) 

A_th =x + y/4 - z/2 
Th_air = Theo_air/100 

Call Moles(x,y,z,Th_air,A_th:w,Mol02,SolMeth$) 

HR=h_fuel+ (x+y/4-z/2) *(Theo_air/100) *enthalpy(02,T=T_air)+3.76*(x+y/4-z/2) *(Theo_air/100) 
*enthalpy(N2,T=T_air) 

HP=HR "Adiabatic" 

HP=(x-w)*enthalpy(C02,T=T_prod)+w*enthalpy(CO,T=T_prod)+(y/2)*enthalpy(H20,T=T prod)+3.76*(x+y/4- 
z/2)* (Theo_air/100)*enthalpy(N2,T=T_prod)+Mol02*enthalpy(02,T=T_prod) 

Moles_02=Mol02 

Moles_N2=3.76*(x+y/4-z/2)* (Theo_air/1 00) 

Moles_C02=x-w 

Moles_CO=w 

Moles _H20=y/2 Product temperature vs % excess air for CH4 



Theo air [%] 


Theo air 

[%] 

T prod 

[K1 

100 

2329 

120 

2071 

140 

1872 

160 

1715 

180 

1587 

200 

1480 

300 

1137 

600 

749.5 

1100 

553 
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The fuel among CH 4 (g), C 2 H 2 (g), C 2 H 6 (g), C 3 H 8 (g), and C g Hi 8 (l) that gives the highest temperature when 


burned completely in an adiabatic constant-volume chamber with the theoretical amount of air is to be detemiined. 
Analysis The problem is solved using EES, and the solution is given below. 


Adiabatic Combustion of fuel CnHm with Stoichiometric Air at T_fuel =T_air=T_reac in a constant volume, 
closed system: 

Reaction: CxHyOz + (x+y/4-z/2) (Theo_air/1 00) (02 + 3.76 N2) 

-> xC02 + (y/2) H20 + 3.76 (x+y/4-z/2) (Theo_air/100) N2 + (x+y/4-z/2) (Theo_air/100 - 1) 02" 
"For theoretical oxygen, the complete combustion equation for CH30H is" 

"CH30H + A_th 02=1 C02+2 H20 " 

"1+ 2*A_th=1 *2+2*1 ""theoretical O balance" 

"Adiabatic, Incomplete Combustion of fuel CnHm with Stoichiometric Air at T_fuel =T_air=T_reac in a constant 
volume, closed system: 

Reaction: CxHyOz + (x+y/4-z/2) (Theo_air/1 00) (02 + 3.76 N2) 

-> (x-w)C02 +wCO + (y/2) H20 + 3.76 (x+y/4-z/2) (Theo_air/1 00) N2 + ((x+y/4-z/2) (Theo_air/100 - 1) 
+w/2)02" 

"T_prod is the adiabatic combustion temperature, assuming no dissociation. 

Theo air is the % theoretical air. " 


"The initial guess value of Tjorod = 450K ." 


Procedure Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$) 

"This procedure takes the fuel name and returns the moles of C and moles of H" 
If fuel$='C2H2(g)' then 
x=2;y=2; z=0 

Name$='acetylene' 

h fuel = 226730"Table A.26" 

else 


If fuel$='C3H8(g)' then 
x=3; y=8; z=0 
Name$='propane' 


else 


hfuel = enthalpy(C3H8,T=T_fuel) 


If fuel$='C8H18(l)' then 
x=8; y=18; z=0 
Name$='octane' 


else 

if fuel$='CH4(g)' then 
x=1 ; y=4; z=0 
Name$='methane' 


else 

if fuel$='CH30H(g)' then 
x=1 ; y=4; z=1 
Name$='methyl alcohol' 

endif; endif; endif; endif; endif 
end 


h fuel = -249950"Table A.26" 


h_fuel = enthalpy(CH4,T=T_fuel) 


h fuel = -200670"Table A.26" 


Procedure Moles(x,y,z,Th_air,A_th:w,Mol02,SolMeth$) 

ErrTh =(2*x + y/2 - z - x)/(2*A_th)*1 00 
IF Th_air >= 1 then 

SolMeth$ = ’>= 100%, the solution assumes complete combustion.' 
w=0 

Mol02 = A_th*(Th_air - 1) 
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GOTO 1 0 
ELSE 

w = 2*x + y/2 - z - 2*A_th*Th_air 
IF w > x then 

Call ERROR('The moles of C02 are negative, the percent theoretical air must be >= xxxF3 %',ErrTh) 

Else 

SolMeth$ = '< 100%, the solution assumes incomplete combustion with no 0_2 in products.' 

Mol02 = 0 
endif; endif 
10 : 

END 

{"Input data from the diagram window" 

Theo_air = 200 [%] 

Fuel$='CH4(g)'} 

T_reac = 298 [K] 

T_air = Treac 
T_fuel = T_reac 
R_u = 8.314 [kJ/kmol-K] 

Call Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$) 

A_th =x + y/4 - z/2 
Th_air = Theo_air/1 00 

Call Moles(x,y,z,Th_air,A_th:w,Mol02,SolMeth$) 

UR=(h_fuel-R_u*T_fuel)+ (x+y/4-z/2) *(Theo_air/1 00) *(enthalpy(02,T=T_air)-R_u*T_air)+3.76*(x+y/4-z/2) 
*(Theo_air/100) *(enthalpy(N2,T=T_air)-R_u*T_air) 

UP=(x-w)*(enthalpy(C02,T=T_prod)-R_u*T_prod)+w*(enthalpy(CO,T=T_prod)- 

R_u*T_prod)+(y/2)*(enthalpy(H20,T=T__prod)-R_u*T_prod)+3.76*(x+y/4-z/2)* 

(Theo_air/100)*(enthalpy(N2,T=TjDrod)-R_u*T_prod)+Mol02*(enthalpy(02,T=Tjorod)-R_u*TjDrod) 

UR =UP "Adiabatic, constant volume conservation of energy" 

Moles_02=Mol02 

Moles_N2=3.76*(x+y/4-z/2)* (Theo_air/1 00) 

Moles_C02=x-w 

Moles_CO=w 

Moles_H20=y/2 


SOLUTION for CH4 


A th=2 

fuel$='CH4(g)' 

h fuel=-74875 

Moles COO.OOO 

Moles C02=1.000 

Moles H20=2 

Moles_N2=7.520 

Moles 02=0.000 

MolO2=0 

Name$- methane' 

R u=8.314 [kJ/kmol-K] 


SolMeth$='>= 100%, the solution assumes complete combustion.' 


Theo air=100 [%] 

Th air= 1.000 

T air=298 [K] 

T fuel=298 [K] 

T_prod=2824 [K] 

T_reac=298 [K] 

UP=- 100981 

UR=- 100981 

w=0 

x— 1 

y=4 

z=0 

SOLUTION for C2H2 

A th=2.5 

fuel$='C2H2(g)' 

h fuel=226730 

Moles C0=0.000 

Moles C02=2.000 

Moles H20=l 

Moles_N2=9.400 

Moles 02=0.000 

MolO2=0 

Name$='acetylene' 

R u=8.314 [kJ/kmol-K] 


SolMeth$='>= 100%, the solution assumes complete combustion.' 


Theo aii -100 [%] 

Th air= 1.000 

T air=298 [K] 

T fuel=298 [K] 

T_prod=3535 [K] 

T_reac=298 [K] 

UP=194717 

UR=194717 

w=0 

x=2 

y=2 

z=0 
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SOLUTION for CH30H 

A th=1.5 

fuel$— CH3 OH(g)' 

h fuel=-200670 

Moles C0=0.000 

Moles C02=1.000 

Moles H20=2 

Moles_N2=5 . 640 

Moles 02=0.000 

MolO2=0 

Name$- methyl alcohol' 

R u=8.314 [kJ/kmol-K] 


SolMeth$— >= 100%, the solution assumes complete combustion.' 


Theo air=100 [%] 

Th air= 1.000 

T air=298 [K] 

T fuel=298 [K] 

T_prod=2817 [K] 

T_reac=298 [K] 

UP=-220869 

UR=-220869 

w=0 

X=1 

y=4 

Z=1 

SOLUTION for C3H8 

A th=5 

fuel$='C3H8(g)' 

h fuel=-103858 

Moles C0=0.000 

Moles C02=3.000 

Moles H20=4 

Moles_N2=18.800 

Moles 02=0.000 

MolO2=0 

Name$='propane' 

R u=8.314 [kJ/kmol-K] 


SolMeth$->= 100%, the solution assumes complete combustion.' 


Theo air=100 [%] 

Th air= 1.000 

T air=298 [K] 

T fuel=298 [K] 

T_prod=2909 [K] 

T_reac=298 [K] 

UP=- 165406 

UR=- 165406 

w=0 

x=3 

y=8 

z=0 

SOLUTION for C8H18 

A th= 12.5 

fuel$-C8H18(l)' 

h fuel=-249950 

Moles C0=0.000 

Moles C02=8.000 

Moles H20=9 

Moles_N2=47.000 

Moles 02=0.000 

MolO2=0 

Name$='octane' 

R u=8.314 [kJ/kmol-K] 


SolMeth$— >= 100%, the solution assumes complete combustion.' 


Theo air=100 [%] 

Th air= 1.000 

T air=298 [K] 

T fuel=298 [K] 

T_prod=2911 [K] 

T_reac=298 [K] 

UP=-400104 

UR=-400 1 04 

w=0 

x=8 

y=18 

z=0 
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Fundamentals of Engineering (FE) Exam Problems 


15-134 


15-129 A fuel is burned with 70 percent theoretical air. This is equivalent to 

(a) 30% excess air (b) 70% excess air (c) 30% deficiency of air 

(d) 70% deficiency of air (e) stoichiometric amount of air 

Answer (c) 30% deficiency ofair 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 

air_th=0.7 

"air_th=air_access+1 " 
air_th=1 -airdeficiency 


15-130 Propane C 3 H 8 is burned with 150 percent theoretical air. The air- fuel mass ratio for this combustion process is 
(a) 5.3 (b) 10.5 (c) 15.7 (d)23.4 (e) 39.3 

Answer (d) 23.4 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


n_C=3 

n_H=8 

m_fuel=n_H*1 +n_C*1 2 
a_th=n_C+n_H/4 

coeff=1 .5 "coeff=1 for theoretical combustion, 1 .5 for 50% excess air" 

n_02=coeff*a_th 

nJ42=3.76*n_02 

m_air=n_02*32+n_N2*28 

AF=m air/m fuel 
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15-131 One kmol of methane (CH 4 ) is burned with an unknown amount of air during a combustion process. If the 
combustion is complete and there are 1 kmol of free 0 2 in the products, the air- fuel mass ratio is 

(a) 34.6 (b) 25.7 (c) 17.2 (d) 14.3 (e) 11.9 

Answer (b) 25.7 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


n_C=1 

n_H=4 

m_fuel=n_H*1 +n_C*1 2 
a_th=n_C+n_H/4 

(coeff-1 )*a_th=1 "02 balance: Coeff=1 for theoretical combustion, 1 .5 for 50% excess air" 

n_02=coeff*a_th 

n_N2=3.76*n_02 

m_air=n_02*32+n_N2*28 

AF=m_air/m_fuel 

"Some Wrong Solutions with Common Mistakes:" 

W1_AF=1/AF "Taking the inverse of AF" 

W2_AF=n_02+n_N2 "Finding air-fuel mole ratio" 

W3_AF=AF/coeff "Ignoring excess air" 


15-132 A fuel is burned steadily in a combustion chamber. The combustion temperature will be the highest except when 

(a) the fuel is preheated. 

(b) the fuel is burned with a deficiency of air. 

(c) the air is dry. 

(d) the combustion chamber is well insulated. 

(e) the combustion is complete. 

Answer (b) the fuel is burned with a deficiency of air. 
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15-133 An equimolar mixture of carbon dioxide and water vapor at 1 atm and 60°C enter a dehumidifying section where the 
entire water vapor is condensed and removed from the mixture, and the carbon dioxide leaves at 1 atm and 60°C. The 
entropy change of carbon dioxide in the dehumidifying section is 

(a) -2.8 kJ/kg-K (b) -0.13 kJ/kg-K (c) 0 (d) 0.13 kJ/kg-K (e) 2.8 kJ/kg-K 

Answer (b) -0.13 kJ/kg-K 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Cp_CO2=0.846 
R_CO2=0.1889 
T1 =60+273 "K" 

T2=T1 
P1= 1 "atm" 

P2=1 "atm" 

y1_CO2=0.5; P1_C02=y1_C02*P1 
y2_C02=1 ; P2_C02=y2_C02*P2 
Ds_C02=Cp_C02*ln(T2/T1 )-R_C02*ln(P2_C02/P1_C02) 

"Some Wrong Solutions with Common Mistakes:" 

W1_Ds=0 "Assuming no entropy change" 

W2_Ds=Cp_C02*ln(T2/T1)-R_C02*ln(P1_C02/P2_C02) "Using pressure fractions backwards" 


15-134 Methane (CH 4 ) is burned completely with 80% excess air during a steady-flow combustion process. If both the 
reactants and the products are maintained at 25°C and 1 atm and the water in the products exists in the liquid form, the heat 
transfer from the combustion chamber per unit mass of methane is 

(a) 890 MJ/kg (b) 802 MJ/kg (c) 75 MJ/kg (d) 56 MJ/kg (e) 50 MJ/kg 

Answer (d) 56 MJ/kg 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T= 25 "C" 

P=1 "atm" 

EXCESS=0.8 

"Heat transfer in this case is the HHV at room temperature," 

HHV_CH4 =55.53 "MJ/kg" 

LHV_CH4 =50.05 "MJ/kg" 

"Some Wrong Solutions with Common Mistakes:" 

W1_Q=LHV_CH4 "Assuming lower heating value" 
W2_Q=EXCESS*hHV_CH4 "Assuming Q to be proportional to excess air" 
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15-135 The higher heating value of a hydrocarbon fuel C n H m with m = 8 is given to be 1560 MJ/kmol of fuel. Then its 
lower heating value is 

(a) 1384 MJ/kmol (b) 1208 MJ/kmol (c) 1402 MJ/kmol (d) 1540 MJ/kmol (e) 1550 MJ/kmol 
Answer (a) 1384 MJ/kmol 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


HHV=1 560 "MJ/kmol fuel" 

h_fg=2.4423 "MJ/kg, Enthalpy of vaporization of water at 25C" 
n_H=8 

n_water=n_H/2 
m_water=n_water*1 8 
LHV=HHV-h_fg*m_water 

"Some Wrong Solutions with Common Mistakes:" 

W1_LHV=HHV - h_fg*n_water "Using mole numbers instead of mass" 

W2_LHV= HHV - h_fg*m_water*2 "Taking mole numbers of H20 to be m instead of m/2" 

W3_LHV= HHV - h_fg*n_water*2 "Taking mole numbers of H20 to be m instead of m/2, and using mole 
numbers" 


15-136 Acetylene gas (C 2 H 2 ) is burned completely during a steady-flow combustion process. The fuel and the air enter the 
combustion chamber at 25°C, and the products leave at 1500 K. If the enthalpy of the products relative to the standard 
reference state is -404 MJ/kmol of fuel, the heat transfer from the combustion chamber is 

(a) 1 77 MJ/kmol (b) 227 MJ/kmol (c) 404 MJ/kmol (d) 63 1 MJ/kmol (e) 75 1 MJ/kmol 

Answer (d) 63 1 MJ/kmol 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


hf_fuel=226730/1 000 "MJ/kmol fuel" 

H_prod=-404 "MJ/kmol fuel" 

H_react=hf_fuel 
Q_out= H_react- H_prod 

"Some Wrong Solutions with Common Mistakes:" 

W1_Qout= -H_prod "Taking Qout to be H_prod" 

W2_Qout= H_react+H_prod "Adding enthalpies instead of subtracting them" 
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15-137 Benzene gas (C fl Hfi) is burned with 95 percent theoretical air during a steady-flow combustion process. The mole 
fraction of the CO in the products is 

(a) 8.3% (b) 4.7% (c)2.1% (d) 1.9% (e) 14.3% 

Answer (c)2.1% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


n_C=6 

n_H=6 

a_th=n_C+n_H/4 

coeff=0.95 "coeff=1 for theoretical combustion, 1 .5 for 50% excess air" 

"Assuming all the H burns to H20, the combustion equation is 

C6H6+coeff*a_th(02+3.76N2) (n_C02) C02+(n_C0)C0+(n_H20) H20+(n_N2) N2" 

n_02=coeff*a_th 

nJM2=3.76*n_02 

n_H20=n_H/2 

n_C02+n_C0=n_C 

2*n_C02+n_C0+n_H20=2*n_02 "Oxygen balance" 
n_prod=n_C02+n_CO+n_H20+n_N2 "Total mole numbers of product gases" 
y_CO=n_CO/n_prod "mole fraction of CO in product gases" 

"Some Wrong Solutions with Common Mistakes:" 

W1_yCO=n_CO/n1_prod; n1_prod=n_C02+n_CO+n_H20 "Not including N2 in n_prod" 
W2_yCO=(n_C02+n_CO)/n_prod "Using both CO and C02 in calculations" 


15-138 A fuel is burned during a steady-flow combustion process. Heat is lost to the surroundings at 300 K at a rate of 1 120 
kW. The entropy of the reactants entering per unit time is 17 kW/K and that of the products is 15 kW/K. The total rate of 
exergy destruction during this combustion process is 

(a) 520 kW (b) 600 kW (c) 1 120 kW (d) 340 kW (e) 739 kW 

Answer (a) 520 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


To=300 "K" 

Q_out=1120 "kW" 

S_react=17 "kW'K" 

S j>rod= 1 5 "kW/K" 

S_reacf-S_prod-Q_ouf/To+S_gen=0 "Entropy balance for steady state operation, Sin-Sout+Sgen=0" 
X_dest=To*S_gen 

"Some Wrong Solutions with Common Mistakes:" 

W1_Xdest=S_gen "Taking Sgen as exergy destruction" 

W2_Xdest=To*S_gen1 ; S_react-S_prod-S_gen1=0 "Ignoring Q_out/To" 
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15-139 ■■■ 15-144 Design and Essay Problems 


15-139 


15-139 A certain industrial process generates a liquid solution of ethanol and water as the waste product. The solution is to 
be burned using methane. A combustion process is to be developed to accomplish this incineration process with minimum 
amount of methane. 

Analysis The mass flow rate of the liquid ethanol-water solution is given to be 10 kg/s. Considering that the mass fraction 
of ethanol in the solution is 0.2, 

'“ethanol = (0.2)(l0 kg/ S )= 2 kg/s 
"'water = (O^IO kg/s)= 8 kg/s 

Noting that the molar masses M cthanol = 46 and M water =18 kg/kmol and that mole numbers N = m/M , the mole flow rates 
become 


^ethanol 

A, 


^ethanol 


2 kg/s 


M 


ethanol 


m 


water 


46 kg/kmol 
8 kg/s 


= 0.04348 kmol/s 


water 


M 


water 


1 8 kg/kmol 


= 0.44444 kmol/s 


Note that 


N 


water 


N 


ethanol 


0.44444 

= 10.222 kmol H 2 0/kmol C 2 H<OH 

0.04348 


That is, 10.222 moles of liquid water is present in the solution for each mole of ethanol. 

Assuming complete combustion, the combustion equation of C 2 H 5 OH (£) with stoichiometric amount of air is 

C 2 H 5 0Hh)+a th (0 2 +3.76N 2 ) >2C0 2 + 3H 2 0 + 3.76a th N 2 

where a th is the stoichiometric coefficient and is determined from the 0 2 balance, 


1 + 2 a th =4 + 3 > a th = 3 

Thus, 

C 2 H 5 0Hh)+3(0 2 +3.76N 2 ) >2C0 2 + 3H 2 0 + 11.28N, 

Noting that 10.222 kmol of liquid water accompanies each kmol of ethanol, the actual combustion equation can be written 
as 


C 2 H 5 0H(f)+3(0 2 +3.76N,)+10.222H 2 C+) >2C0 2 +3H 2 0(g)+11.28N 2 +10.222H 2 O(/) 

The heat transfer for this combustion process is determined from the steady-flow energy balance equation with W = 0, 

g = 2>p (+ + Tl ~ l -Z N * + /7 ~ 7 ° L 

Assuming the air and the combustion products to be ideal gases, we have h = h(T). We assume all the reactants to enter the 
combustion chamber at the standard reference temperature of 25°C. Furthermore, we assume the products to leave the 
combustion chamber at 1400 K which is a little over the required temperature of 1 100°C. From the tables, 
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Substance 

hf 

kJ/kmol 

1*298 K 

kJ/kmol 

1*1400 K 
kJ/kmol 

C 2 H 5 OH (£) 

-277,690 

— 

— 

ch 4 

-74,850 

— 

— 

o 2 

0 

8682 

45.648 

n 2 

0 

8669 

43,605 

h 2 0 (g) 

-241,820 

9904 

53,351 

H 2 o (t) 

-285,830 

— 

— 

co 2 

-393,520 

9364 

65.271 


Thus, 

Q = (2X-393,520 + 65,271 - 9364)+ (3^-24 1,820 + 53,35 1 - 9904) 

+ (l 1.28)(0 + 43,605 - 8669)- (+- 277,690)- 0-0 
+ (10.222 X- 24 1,820 + 53,35 1 - 9904)- (l0.222)(- 285,830) 

= 295,409 kJ/kmol of C 2 H 5 OH 

The positive sign indicates that 295,409 kJ of heat must be supplied to the combustion chamber from another source (such 
as burning methane) to ensure that the combustion products will leave at the desired temperature of 1400 K. Then the rate 
of heat transfer required for a mole flow rate of 0.04348 kmol C 2 H 5 OH/S CO becomes 

Q = NQ = (0.04348 kmol/sX295,409 kJ/kmol) = 12,844 kJ/s 

Assuming complete combustion, the combustion equation of CH 4 (g) with stoichiometric amount of air is 

CH 4 +fl th (0 2 + 3.76N 2 ) >C0 2 +2H 2 0 + 3.76fl th N 2 

where a t h is the stoichiometric coefficient and is determined from the O 2 balance, 

Thus, 


a th =1 + 1 > a th = 2 

CH 4 +2(0 2 +3.76N 2 ) >C0 2 +2H 2 0 + 7.52N 2 


The heat transfer for this combustion process is determined from the steady-flow energy balance E in - E out = A E tem 
equation as shown above under the same assumptions and using the same mini table: 

Q = (lX-393,520 + 65,271 - 9364)+ OX-24 1,820 + 53,351 - 9904) 

+ (7.52X0 + 43,605 -8669)- (lX- 74,850)- 0 - 0 
= -396,790 kJ/kmol of CH 4 


That is, 396,790 kJ of heat is supplied to the combustion chamber for each kmol of methane burned. To supply heat at the 
required rate of 12,844 kJ/s, we must burn methane at a rate of 


Ah 4 = - = 


12,844 kJ/s 


= 0.03237 kmolCH,/s 


or, 


Q 396,790 kJ/kmol 
m CH = M CH ^ch = (l 6 kg/kmol)(0.03237 kmolCH 4 /s) = 0.5179 kg/s 


Therefore, we must supply methane to the combustion chamber at a minimum rate 0.5 179 kg/s in order to maintain the 
temperature of the combustion chamber above 1400 K. 
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Kp and Equilibrium Composition of Ideal Gases 


16-2 


16-1C No, the wooden table is NOT in chemical equilibrium with the air. With proper catalyst, it will reach with the oxygen 
in the air and burn. 


16-2C They are 


K P = 


P V C p v D 

r C r D 

P V A p v B 

r A r B 


K n =e 


_ -A G*(T)/R U T 


and K ,= 


N v c c N v d ° a 


NVN? ^total J 


P 




Av 


A 


where A v = v c + v D - v A —v B . The first relation is useful in partial pressure calculations, the second in determining the K p 
from gibbs functions, and the last one in equilibrium composition calculations. 


16-3C (a) No, because K p depends on temperature only. 

(b) In general, the total mixture pressure affects the mixture composition. The equilibrium constant for the reaction 
N 2 +0 2 <=> 2NO can be expressed as 



A r N0 

7V no 


P 


( v , no - v n 2 ~ v o 2 ) 


- y N 2 AT Vq 2 




O- 




The value of the exponent in this case is 2-1-1 =0. Therefore, changing the total mixture pressure will have no effect on the 
number of moles of N 2 , 0 2 and NO. 


16-4C ( a ) The equilibrium constant for the reaction CO + y 0 2 <^> C0 2 can be expressed as 



N Vc ° 2 

iV co 2 

N^co N y o 2 
iV CO iV 0, 


P 


(K 


co 2 ~ v co~ v o 2 


V ^ total j 


Judging from the values in Table A-28, the K p value for this reaction decreases as temperature increases. That is, the 
indicated reaction will be less complete at higher temperatures. Therefore, the number of moles of C0 2 will decrease and 
the number moles of CO and 0 2 will increase as the temperature increases. 

(b) The value of the exponent in this case is l-l-0.5=-0.5, which is negative. Thus as the pressure increases, the term in the 
brackets will decrease. The value of K p depends on temperature only, and therefore it will not change with pressure. Then 
to keep the equation balanced, the number of moles of the products (C0 2 ) must increase, and the number of moles of the 
reactants (CO, 0 2 ) must decrease. 
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16-3 


16-5C {a) The equilibrium constant for the reaction N 2 <=> 2N can be expressed as 





N 


N2 


N- 


P 

V -^total J 


( y N~ y 


n 2 


) 


Judging from the values in Table A-28, the K p value for this reaction increases as the temperature increases. That is, the 
indicated reaction will be more complete at higher temperatures. Therefore, the number of moles of N will increase and the 
number moles of N 2 will decrease as the temperature increases. 

(b) The value of the exponent in this case is 2-1 = 1, which is positive. Thus as the pressure increases, the term in the 
brackets also increases. The value of K p depends on temperature only, and therefore it will not change with pressure. Then 
to keep the equation balanced, the number of moles of the products (N) must decrease, and the number of moles of the 
reactants (N 2 ) must increase. 


16-6C The equilibrium constant for the reaction CO+y 0 2 <^> C0 2 can be expressed as 



N Vc ° 2 

co 2 

M V CO Af V °2 
iV CO iV 0, 


p 


(K 


C0 2 - y C0~ v 0 2 


V ^ total j 


Adding more N 2 (an inert gas) at constant temperature and pressure will increase A to tai but will have no direct effect on other 
terms. Then to keep the equation balanced, the number of moles of the products (C0 2 ) must increase, and the number of 
moles of the reactants (CO, 0 2 ) must decrease. 


16-7C The values of the equilibrium constants for each dissociation reaction at 3000 K are, from Table A-28, 
N 2 <=>2N»ln K p =-22.359 
H 2 » 2H » In K p = -3.685 (greater than -22.359) 

Thus H 2 is more likely to dissociate than N 2 . 


16-8C ( 1 a ) This reaction is the reverse of the known CO reaction. The equilibrium constant is then 
1 /K P 

(b) This reaction is the reverse of the known CO reaction at a different pressure. Since pressure has no effect on the 
equilibrium constant, 

1 1 K P 

(c) This reaction is the same as the known CO reaction multiplied by 2. The quilibirium constant is then 

Kp 

( 1 d) This is the same as reaction (c) occurring at a different pressure. Since pressure has no effect on the equilibrium 
constant, 

Kp 
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16-4 


16-9C ( a ) This reaction is the reverse of the known H 2 0 reaction. The equilibrium constant is then 
l/K P 

(b) This reaction is the reverse of the known H 2 0 reaction at a different pressure. Since pressure has no effect on the 
equilibrium constant, 

l/K P 

(c) This reaction is the same as the known H?0 reaction multiplied by 3. The quilibirium constant is then 

Kl 

(i d) This is the same as reaction (c) occurring at a different pressure. Since pressure has no effect on the equilibrium 
constant, 

Kl 


16-10 The partial pressures of the constituents of an ideal gas mixture is given. The Gibbs function of the nitrogen in this 
mixture at the given mixture pressure and temperature is to be determined. 

Analysis The partial pressure of nitrogen is 

P m = 1 1 0 kPa = (1 1 0 / 1 0 1 .325) = 1 .086 atm 

The Gibbs function of nitrogen at 293 K and 1 .086 atm is 

g(293 K, 1 .086 atm) = g * (293 K, 1 atm) + R u T In P N2 

= 0 + (8.3 14 kJ/kmol.K)(293 K)ln(l .086 atm) 

= 200 kJ/kmol 



16-11 The mole fractions of the constituents of an ideal gas mixture is given. The Gibbs function of the N 2 in this mixture at 
the given mixture pressure and temperature is to be determined. 

Analysis From Tables A- 18 and A-26, at 1 atm pressure, 

g * (600 K, 1 atm) = g° + A |/T (T) - Ts° (7)] 

= 0 + (17,563 - 600 x 212.066) - (8669 - 298 x 191.502) 

= -61,278 kJ/kmol 

The partial pressure of N 2 is 

P c o = Tn 2 ^ ~ (0.30)(5 atm) = 1 .5 atm 

The Gibbs function of N 2 at 600 K and 1.5 atm is 

g (600 K, 1 . 5 atm) = g * (600 K, 1 atm) + R u T In P co 

= -61,278 kJ/kmol + (8.3 14 kJ/kmol)(600 K)ln(1.5 atm) 

= -59,260 kJ/kmol 


30% N 2 
30% 0 2 
40% H 2 0 
5 atm 
600 K 
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16-12 The temperature at which 0.2 percent of diatomic oxygen dissociates into monatomic oxygen at two pressures is to be 
determined. 

Assumptions 1 The equilibrium composition consists of N 2 and N. 2 The constituents of the mixture are ideal gases. 
Analysis ( a ) The stoichiometric and actual reactions can be written as 
Stoichiometric: N 2 ++ 2N (thus v N2 = 1 and v N = 2) 


Actual: 


N 2 <=> 0.998N 2 + 0.004 N 


react. 


prod. 


The equilibrium constant K p can be determined from 


K p = 


7V n 

f P ] 

l ' N " N2 _ 0.004 2 

f 1/101.325 

A[ V K2 

7V N2 

V total j 

0.998 

^0.998 + 0.004 J 


= 1.579 x 10 


-7 


N 2 2N 
0.2 % 

1 kPa 


and 


In K p =-15.66 

From Table A-28, the temperature corresponding to this \nK p value is 

T = 3628 K 

(b) At 10 kPa, 


iV N 

r p ^ 

FN " N2 _ 0.004 2 

f 10/101.325 'j 

a r Vm 

iV N2 

V N total J 

0.998 

^0.998 + 0.004 J 


1.579 x 10~ 6 


\nK p =-13.36 

From Table A-28, the temperature corresponding to this In K p value is 

T= 3909 K 
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16-13 The equilibrium constant of the reaction H 2 0<^>H 2 +y0 2 is to be determined using Gibbs function. 

Analysis {a) The K p value of a reaction at a specified temperature can be determined from the Gibbs function data using 
K p =e~ A G *W/R"T or In K p = -AG*(T) / R U T 

where 

AG * ( T ) = V m g m ( T ) + V Q2 g 02 (T) - Hh20<? H20 (T) 

At 500 K, 

AG * (T) = v m gm (T) + v 02 S’ 02 CO _ v h2oSh2o(0 

= v mQ l ~Ts)m +v 02 ih ~ Ts ) 02 _v H 2 oO ~Ts)mo 

- V H2 W 1 / + Ooo “ ^298 ) “ ^1 h2 
+ v 02 [(hf + h 500 - h 29 $) - Ts] 02 

~ V H20 W 1 / + Ooo _ ^298 ) — H20 

= 1 x (0 + 14,350 - 8468 - 500 x 145.628) 

+ 0.5 x (0 + 14,770 - 8682 - 500 x 220.589) 

- 1 x (-241,820 + 16,828 - 9904 - 500 x 206.413) 

= 219,067 kJ/kmol 


h 2 o<->h 2 + , / 2 o 2 

500 K 


Substituting, 

In K p = -(219,067 kJ/kmol)/[(8.3 14 kJ/kmol • K)(500K)] = -52.70 


K p =1.30 xIO" 23 (Table A -28: In K p =-52.70) 

At 2000 K, 

AG * (T) = Vmgm CO + v o 2 So 2 CO _ v mogmo CO 

= v m(h ~Ts)m +v oi^ ~Ts)o2 _v H2oO ~Ts)mo 
= v mi(hf + OoOO “ ^298 ) _ ^1 h2 
+ v 02 W 1 / + OoOO “ ^298 ) “ ^Oo2 

_ V H20 VO 1 / + OoOO “ ^298 ) _ ^1 h20 

= 1 x (0 + 61,400 - 8468 - 2000 x 188.297) 

+ 0.5 x (0 + 67,88 1 - 8682 - 2000 x 268.655) 

- 1 x (-24 1,820 + 82,593 - 9904 - 2000 x 264.57 1) 

= 135,556 kJ/kmol 

Substituting, 

In K p = -(1 35,556 kJ/kmol)/[(8 .3 14 kJ/kmol • K)(2000 K)] = - 8.15 


or 


K p =2.88x10" 4 (Table A -28: In K p =-8.15) 
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16-14 The reaction C + O 2 <=> CO 2 is considered. The mole fraction of the carbon dioxide produced when this reaction 
occurs at al atm and 3800 K are to be determined. 

Assumptions 1 The equilibrium composition consists of CO 2 , C and O 2 . 2 The constituents of the mixture are ideal gases. 
Analysis The stoichiometric and actual reactions in this case are 
Stoichiometric: C + 0 2 <=> C0 2 (thus v c = 1, v Q2 = 1, and v C02 = 1) 

Actual: C + 0 2 >xC + y0 2 + zC0 2 

react. products 

C balance: 1 = x + z >z = l-x 


C + 0 2 <=> C0 2 
3800 K 
1 atm 


O balance: 

Total number of moles: 


2 = 2 y + 2z > y = l — z = l — — x) = x 

total =x+y+z= l + x 


The equilibrium constant relation can be expressed as 


k p = 


Xf V C02 

iV C02 


N C CN 02 V- total J 

From the problem statement at 3800 K, In K - -0.461 . Then, 


P 


\ ( v C02 _,/ C _l/ 02) 




p 


K p =exp(-0.461) = 0.6307 
Substituting, 


0.6307 = 


(l-x) 


f J \ 1-1-1 


(*)(*) u + *y 

Solving for x, 

x = 0.7831 

Then, 

y = x = 0.7831 
z — 1 -x = 0.2169 


Therefore, the equilibrium composition of the mixture at 3800 K and 1 atm is 
0.7831C + 0.7831 0 2 +0.2169CO 2 
The mole fraction of carbon dioxide is 


y C02 _ 


N, 


C02 


N 


total 


0.2169 
1 + 0.7831 


0.1216 
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16-15 The reaction C + 0 2 <=> C0 2 is considered. The mole fraction of the carbon dioxide produced when this reaction 
occurs at al atm and 3800 K and 700 kPa and 3800 K are to be determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , C and 0 2 . 2 The constituents of the mixture are ideal gases. 
Analysis We first solve the problem for 1 atm pressure: 

The stoichiometric and actual reactions in this case are 
Stoichiometric: C + 0 2 <^>C0 2 (thus v c =1, v 02 =1, and v C02 =1) 

Actual: C + 0 2 »xC + t0 2 +zC0 2 

react. products 

C balance: 1 = x + z » z = 1 - x 

O balance: 2 = 2y + 2z > y = l-z = l-(l-x)=x 


C + 0 2 <z> co 2 
3800 K 
1 atm 


Total number of moles: A total = x + j; + z = l + x 

The equilibrium constant relation can be expressed as 


k p = 


M V C 02 

iV C02 


P 


\ ( V C02 ~ V C ~ v 02 ) 


N V c c N V q ° 2 2 {N total ) 

From the problem statement at 3800 K, In K p - -0.461 . Then, 


K p =exp(-0.461) = 0.6307 
Substituting, 


0.6307 


(1 -x)( 1 N 
(x)(x){l + x. 


1 - 1-1 


Solving for x, 

x = 0.7831 

Then, 

y = x = 0.7831 
z — 1 -x = 0.2169 

Therefore, the equilibrium composition of the mixture at 3800 K and 1 atm is 
0.7831C + 0.7831 0 2 +0.2169CO 2 
The mole fraction of carbon dioxide is 


y co2 - 


N, 


C02 


N 


total 


0.2169 
1 + 0.7831 


0.1216 


We repeat the calculations at 700 kPa pressure: 

The pressure in this case is 700 kPa/(101.325 kPa/atm) = 6.908 atm. Then, 


k p = 


Xf V C02 

iV C02 


N v c c N v Q f [N total J 


P 


\ ( V C02~ V C~ V 02) 


0.6307 = 


(1 — x) 


6.908 

1 + x 


l-i-i 


(x)(x) 
x = 0.4320 
y = x = 0.4320 
z = 1 -x = 0.5680 

Therefore, the equilibrium composition of the mixture at 3800 K and 700 kPa is 
0.4320 C + 0.4320 0 2 + 0.5680 C0 2 
The mole fraction of carbon dioxide is 
N CQ2 0.5680 


Tc02 - 


N 


total 


1 + 0.4320 


= 0.3966 


C + 0 2 <z> co 2 
3800 K 
700 kPa 
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16-16 The reaction C + O 2 <^> CO 2 is considered. The mole fraction of the carbon dioxide produced when this reaction 
occurs at al atm and 3800 K and 700 kPa and 3800 K are to be determined. 

Assumptions 1 The equilibrium composition consists of CO 2 , C and O 2 . 2 The constituents of the mixture are ideal gases. 
Analysis We first solve the problem for the reaction C + O 2 <£=> CO 2 : 

The stoichiometric and actual reactions in this case are 
Stoichiometric: C + 0 2 <=> C0 2 (thus v c = 1, v Q2 = 1, and v CQ2 = 1) 

Actual: C + 0 2 >xC + y0 2 + zC0 2 

react. products 

C balance: 1 = x + z >z = l-x 


C + 0 2 « C0 2 
3800 K 
1 atm 


O balance: 

Total number of moles: 


2 = 2 y + 2z > y = \-z = l-(l-x) = x 

total =X + y + Z = l + X 


The equilibrium constant relation can be expressed as 


k p = 


xr v co2 

iV C02 


N C CN 02 V- total J 

From the problem statement at 3800 K, In AT = -0.461 . Then, 


P 


\ ( v C02 -,/ C -,/ 02) 


N< 


P 


K p =exp(-0.461) = 0.6307 
Substituting, 


0.6307 = 


(l-x) 


f 2 A 1 -!- 1 


{x)(x)\\ + xj 

Solving for x, 

x = 0.7831 

Then, 

y = x = 0.7831 
z — 1 -x = 0.2169 


Therefore, the equilibrium composition of the mixture at 3800 K and 1 atm is 
0.7831C + 0.7831 0 2 +0.2169CO 2 
The mole fraction of carbon dioxide is 


y C02 - 


N, 


C02 


N 


total 


0.2169 
1 + 0.7831 


0.1216 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 




16-10 


If the reaction is: C + (0 2 + 3.76 N 2 ) <=> C0 2 + 3.76 N 2 

The stoichiometric and actual reactions in this case are 
Stoichiometric: 

C + (0 2 +3.76N 2 )<^> C0 2 +3.76N 2 (thus v c =1, v Q2 = l,v N2 =3.76, v CQ2 = l,and v N2 =3.76) 


Actual: 


C balance: 


C + (0 2 + 3.76 N 2 ) >xC + y0 2 + zC0 2 +3.76N 2 


react. 


products 


1 = X + Z 


->z = l- X 


O balance: 

Total number of moles: 


2 = 2 y + 2z > y = l- z = 1 — (1 — x) = x 

N total = x + y + z + 3.76 = 4.76 + x 


The equilibrium constant relation can be expressed as 


or 


k p = 


K P = 


AT V C02 A T V N2 

iV C02 iV N2 


f p \( l/ C02 +V N2 V C~ V 02 V N2) 


N V C C N$N$ V" total ) 


AT V C02 

iV C02 


N V c c N V 0 ° 2 2 V- total J 

From the problem statement at 3800 K, In K p - 12.49 . Then, 

K p =exp(12.49) = 265,670 
Substituting, 


P 


N t 

\( v C02 _v, C _v/ 02 


N. 


265,670 = 


(1-x) 


1 




4.76 + x 


0 ) 0 ) 

Solving for x, 

x = 0.004226 

Then, 

y = x = 0.004226 
z = 1 — x = 0.9958 

Therefore, the equilibrium composition of the mixture at 3800 K and 1 atm is 
0.004226 C + 0.004226 0 2 +3.76 N 2 + 0.9958 C0 2 +3.76 N 2 


The mole fraction of carbon dioxide is 
N CQ2 0.9958 


TC02 - 


N 


total 


4.76 + 0.004226 


0.2090 


C+(0 2 +3.76N 2 ) 

<^>C0 2 +3.76N 2 

3800 K 

1 atm 
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16-17 A gaseous mixture consisting of methane and carbon dioxide is heated. The equilibrium composition (by mole 
fraction) of the resulting mixture is to be determined. 

Assumptions 1 The equilibrium composition consists of CH 4 , C, H 2 , and C0 2 . 2 The constituents of the mixture are ideal 
gases. 

Analysis The stoichiometric and actual reactions in this case are 
Stoichiometric: CH 4 »C + 2H 2 (thus v CH4 = 1, v c = 1, and v H2 = 2) 


Actual: 


C balance: 


0.3CH 4 + 0.7CO 2 


-»xCH 4 + yC + zH 2 + 0.7CO 2 

react. products inert 


H balance: 

Total number of moles: 


0.3 = x + y > y = 0.3 - x 

1 .2 = 4x + 2z > z = 0.6 - 2x 

A total = x + y + z + l = l.6-2x 


The equilibrium constant relation can be expressed as 


k p = 


JJ V CH4 
iV CH4 


Z p \ v cm ~ v c ~ v m 


Nc N m l^total J 

From the problem statement at 1200 K, In K p = 4.147 . Then, 


CH 4 , C0 2 
1200 K 
1 atm 


K p = exp(4. 147) = 63.244 

For the reverse reaction that we consider, 
K p =1/63.244 = 0.01581 

Substituting, 


0.01581 


x 

(0.3 - x)(0.6 - 2x) 2 


( i V -1-2 

v 1.6 - 2x y 


Solving for x, 

x = 0.0006637 

Then, 

y = 0.3 - x = 0.2993 
z — 0.6 — 2x — 0.5987 

Therefore, the equilibrium composition of the mixture at 1200 K and 1 atm is 
0.0006637 CH 4 + 0.2993 C + 0.5987 H 2 + 0.7 C0 2 
The mole fractions are 


y CH4 

Tc 

y H2 

TC02 


A, 


CH4 


A 


total 

A c 


A 


total 


A 


H2 


total 

NcQ2 


N 


total 


0.0006637 

1.6-2x0.0006637 


0 2993 

-—-— = 0.1872 

1.599 


0.5987 

1.599 


0.3745 


0.7 

1.599 


0.4379 


0.0006637 

1.599 


0.000415 
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16-18 The dissociation reaction C0 2 <=> CO + O is considered. The composition of the products at given pressure and 
temperature is to be determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , CO, and O. 2 The constituents of the mixture are ideal gases. 
Analysis For the stoichiometric reaction C0 2 CO + \0 2 , from Table A-28, at 2500 K 

In K p =-3.331 

For the oxygen dissociation reaction 0.50 2 <=> O , from Table A-28, at 2500 K, 

In K p =-8.509/2 = -4.255 

For the desired stoichiometric reaction C0 2 <=> CO + 0 (thus v C02 = 1, v co = 1 and v 0 = 1) , 

In K p =-3.331-4.255 = -7.586 
and 

K p =exp(-7.586) = 0.0005075 


C0 2 
2500 K 
1 atm 


Actual: 


C balance: 


C0 2 »xC0 2 + yCO + zO 

react. products 

1 = x + y > y - 1-x 


O balance: 

Total number of moles: 


■» z = 1 - x 


2 = 2 x + y + z 


total =x + y + z = 2-x 


The equilibrium constant relation can be expressed as 


r Ko°K° 

k p = 


p 


V C02 


^C02 V^total ; 


Substituting, 


0.0005075 = 


( 1 -*)(!-*) 


X 


r x \ 1+1 -! 

V 2 X y 


Solving for x, 

x = 0.9775 

Then, 

y= 1 - x = 0.0225 
z = 1 - x = 0.0225 

Therefore, the equilibrium composition of the mixture at 2500 K and 1 atm is 

0.9775 C0 2 +0.0225 CO + 0.0225 O 
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16-19 The dissociation reaction CO 2 <=> CO + O is considered. The composition of the products at given pressure and 
temperature is to be determined when nitrogen is added to carbon dioxide. 

Assumptions 1 The equilibrium composition consists of CO 2 , CO, O, and N 2 . 2 The constituents of the mixture are ideal 
gases. 

Analysis For the stoichiometric reaction C0 2 <^> CO+y 0 2 , from Table A-28, at 2500 K 
In K p =-3.331 

For the oxygen dissociation reaction 0.50 2 <=> O , from Table A-28, at 2500 K, 

In A^ /; = -8.509 12- -4.255 

For the desired stoichiometric reaction C0 2 <=> CO + O (thus v C 02 = 1> v co “ 1 an d v 0 = 1) , 

In K p =-3.331-4.255 = -7.586 
and 

K p =exp(-7.586) = 0.0005075 


C0 2 , 3N 2 
2500 K 
1 atm 


Actual: 


C0 2 +3N 2 


->xCO 2 + yCO + zO + 3N 2 

react. products inert 


C balance: 


1 = x + y > y = l-x 


O balance: 

Total number of moles: 


2=2 x+y+z 


->z = l-x 


N 


total 


= x + y + z + 3 = 5 -x 


The equilibrium constant relation can be expressed as 


k p = 


]\[ V CO ]\[ v O 

iV CO iV 0 


N 


C02 


P 




N t 


C02 v total 7 


Substituting, 


0.0005075 = 


(l-*)(l-x) 


x 


r j 

V 5-Xy 


Solving for x, 

x = 0.9557 

Then, 

y=l-x = 0.0443 
z= 1 -x = 0.0443 

Therefore, the equilibrium composition of the mixture at 2500 K and 1 atm is 

0.9557 CO 2 +0.0443 CO + 0.0443 0 + 3N 2 
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16-20 The reaction N 2 + 0 2 « 2NO is considered. The equilibrium mole fraction of NO 1600 K and 1 atm is to be 
determined. 

Assumptions 1 The equilibrium composition consists of N 2 , 0 2 , and NO. 2 The constituents of the mixture are ideal gases. 
Analysis The stoichiometric and actual reactions in this case are 
Stoichiometric: N 2 +0 2 » 2NO (thus v N2 =1, v Q2 =1, and v N0 = 2) 


Actual: 


N balance: 


No +0. 


->xN 2 + yO 2 + zNO 

products 


react. 


2 = 2x + z 


-> z = 2 - 2x 


O balance: 

Total number of moles: 


2 = 2_y + z 





total =x + y + z = 2 


The equilibrium constant relation can be expressed as 


/V Vno 
iV NO 


{ p V N2 V Ol) 


KP 1^‘otaJ 

From Table A-28, at 1600 K, ln^ /; = -5.294 . Since the stoichiometric reaction being considered is double this reaction, 

K p = exp(-2 x 5.294) = 2.522 x 1(T 5 
Substituting, 


2.522 x 1CT 5 = (2 2x) 


X 


r x \ 2-1-1 

v2y 


Solving for x, 

x = 0.9975 

Then, 

^ = * = 0.9975 
z = 2 - 2x = 0.005009 

Therefore, the equilibrium composition of the mixture at 1 000 K and 1 atm is 
0.9975 N 2 + 0.9975 0 2 + 0.005009 NO 


The mole fraction of NO is then 
N no 0.005009 


Tno 


N 


total 


2 


= 0.002505 
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16-21E The equilibrium constant of the reaction H 2 + l/20 2 H 2 0 is listed in Table A-28 at different temperatures. The 

data are to be verified at two temperatures using Gibbs function data. 

Analysis (a) The K p value of a reaction at a specified temperature can be determined from the Gibbs function data using 

K p = e - AG *( T ) /R .. T or |n K p = -A G*(T)/R U T 

where 

AG * (T) = v H20 g * 20 (T) - v Hi g* Hl (T) - v 0i g*o 2 (T) 

At 537 R, 

AG * (T) = 1( — 98,350) - 1(0) - 0.5(0) = -98,350 Btu / lbmol 
Substituting, 

In K p = -(-98,350 Btu / lbmol) / [(1 .986 Btu / lbmol • R)(537 R)] = 92.22 
or 

K p = 1.12 x 10 40 (Table A-28: In K p = 92.21) 

(b) At 4320 R, 

AG * (T) = v H20 4 0 (T) - v Hi g * 2 (T) - v 02 g*o 2 (T) 

= v n 2 o(h _ ^)h 2 o ~ v h 2 - ^)h 2 ~ v o 2 (h -n)o 2 

= V n 2 ° + ^4320 - ^537 ) “ H 2 0 

“ V H 2 [(^/ + ^4320 “ ^298 ) “ ^Hh 2 
_ v 0 2 [(^/ + ^4320 _ ^298 ) “ ^lo 2 

= 1 X (-104,040 + 44,533 - 4258 - 4320 x 65.504) 

- 1 x (0 + 32,647.2 - 3640.3 - 4320 x 46.554) 

- 0.5 x (0 + 35,746 - 3725. 1 - 4320 x 65.83 1) 

= -48,45 lBtu/lbmol 

Substituting, 

ln^ /? = -(-48,451 Btu/lbmoiy[(1.986 Btu/lbmolR)(4320R)] = 5.647 
or 

K p = 283 (Table A -28: In K p =5.619 

Discussion Solving this problem using EES with the built-in ideal gas properties give K p = 1.04xl0 40 for part (a) and K p = 
278 for part (b). 
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16-22 The equilibrium constant of the reaction CO + I/ 2 O 2 <-» CO 2 at 298 K and 2000 K are to be determined, and 
compared with the values listed in Table A-28. 

Analysis (a) The K p value of a reaction at a specified temperature can be determined from the Gibbs function data using 

K p = e - AG *( T ) /R .. T or |n K p = -A G*(T)/R U T 

where 

A G*(T) = v co 28 co 2 ^)~ v co 8 co^T)~ v 028 o 2 CO 
At 298 K, 

A G*(T) = l(-394,360)-l(-137, 150) -0.5(0) = -257,210 kJ/kmol 
where the Gibbs functions are obtained from Table A-26. Substituting, 



ln^ = 


(-257,210 kJ/kmol) 
(8.3 14 kJ/kmol -K)(298K) 


103.81 


From Table A-28: In K p = 103.76 


(b) At 2000 K, 

A G*(T) = Vco 2 gco 2 (^)~ v co8co (T) ~ v 02802 ^) 

- V C 02 ^ - Ts)c 02 ~ v co(h -75) CO ~ V 02 ih 02 

= l[( — 302,128) - (2000X309.00)]- 1[(-53, 826) - (2000)(258.48)]- 0.5[(59,193) - (2000)(268.53)] 
= -110,409 kJ/kmol 

The enthalpies at 2000 K and entropies at 2000 K and 101.3 kPa (1 atm) are obtained from EES. Substituting, 

in * = (-1 10,409 kJ/kmol) =M4 

p (8.3 14 kJ/kmol -K)(2000K) 

From Table A-28: 

In K p = 6.635 
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16-23 The effect of varying the percent excess air during the steady-flow combustion of hydrogen is to be studied. 

Analysis The combustion equation of hydrogen with stoichiometric amount of air is 

H 2 +0.5[o 2 +3.76N 2 ] »H 2 0 + 0.5(3.76) N 2 

For the incomplete combustion with 100% excess air, the combustion equation is 

H 2 +(1 + £x)(0.5)[o 2 +3.76N 2 ] >0.97H,O + uH 2 + />0 2 +cN 2 

The coefficients are to be determined from the mass balances 


Hydrogen balance: 
Oxygen balance: 


2 = 0.97x2 + ax2 


-» a = 0.03 


(1 + Ex) x 0.5 x 2 = 0.97 + bx2 
Nitrogen balance: (1 + Ex) x 0.5x3.76x2 = ex 2 

Solving the above equations, we find the coefficients (Ex = 1, a = 0.03 b = 0.515, c = 3.76) and write the balanced reaction 
equation as 

H 2 +[o 2 +3.76N 2 ] > 0.97 H 2 0 + 0.03H 2 +0.515O 2 + 3.76N 2 

Total moles of products at equilibrium are 

N tot = 0.97 + 0.03 + 0.515 + 3.76 = 5.275 
The assumed equilibrium reaction is 
H 2 0< >H 2 +0.5O 2 

The K p value of a reaction at a specified temperature can be determined from the Gibbs function data using 
Kp = e -*G*(T)/R„T or In^ = -A G*(T)/RJ 

where 

AG * (T) = V H2 (^prod ) + V 02&02 (^prod ) ~ V H20g H20 (^prod ) 
and the Gibbs functions are defined as 

§ H2 (Tprod )-(h~ ^prod H2 
g 02 (^prod ) = O' 1 ~ ^prod 02 
g H20 (^prod )~(h~ 7p rod S) H20 

The equilibrium constant is also given by 


K p = 


P 


n 1+0.5-1 


N 

tot 


ab 


0.5 


0.97 


1 


X 0.5 


5.275 


(0.03X0.5 15) 
0.97 


0.5 


= 0.009664 


and In K p = ln(0. 009664) = -4.647 

The corresponding temperature is obtained solving the above equations using EES to be 

7^= 2600 K 


This is the temperature at which 97 percent of H 2 will bum into H 2 0. The copy of EES solution is given next. 


"Input Data from parametric table:" 

{PercentEx = 10} 

Ex = PercentEx/100 "EX = % Excess air/100" 

P_prod =101 .3"[kPa]" 
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16-18 


R_u=8.314 "[kJ/kmol-K]" 

"The combustion equation of H2 with stoichiometric amount of air is 
H2 + 0.5(02 + 3.76N2)=H20 +0.5(3.76)N2" 

"For the incomplete combustion with 100% excess air, the combustion equation is 
H2 + (1+EX)(0.5)(O2 + 3.76N2)=0.97 H20 +aH2 + b02+cN2" 

"Specie balance equations give the values of a, b, and c." 

"H, hydrogen" 

2 = 0.97*2 + a*2 
"O, oxygen" 

(1+Ex)*0. 5*2=0. 97 + b*2 
"N, nitrogen" 

(1+Ex)*0.5*3.76 *2 = c*2 

N_tot =0.97+a +b +c "Total kilomoles of products at equilibrium" 

"The assumed equilibrium reaction is 
H2O=H2+0.5O2" 

"The following equations provide the specific Gibbs function (g=h-Ts) for 
each H2mponent in the product gases as a function of its temperature, T_prod, 
at 1 atm pressure, 1 01 .3 kPa" 

g_H20=Enthalpy(H20,T=T_prod )-T_prod *Entropy(H20,T=T_prod ,P=1 01 .3) 
g_H2=Enthalpy(H2,T=T_prod )-T_prod *Entropy(H2,T=T_prod ,P=101.3) 
g_02=Enthalpy(02,T=T_prod )-T_prod *Entropy(02,T=T_prod ,P=1 01 .3) 

"The standard-state Gibbs function is" 

DELTAG =1 *g_H2+0.5*g_O2-1 *g_H20 
"The equilibrium constant is given by Eq. 15-14." 

K_P = exp(-DELTAG /(R_u*T_prod )) 

P=P_prod /1 01 .3"atm" 

"The equilibrium constant is also given by Eq. 15-15." 

"K_ P = (P/N_tot) A (1 +0.5-1 )*(a A 1 *b A 0.5)/(0.97 A 1 )" 
sqrt(P/N_tot )*a *sqrt(b )=K_P *0.97 
InKp = ln(k_P) 


2585 


2545 

■a 

o 

h. 

a 

H 

2505 


2465 


10 20 30 40 50 60 70 80 90 100 

PercentEx 


lnK p 

PercentEx 

[%i 

Tprod 

[K] 

-5.414 

10 

2440 

-5.165 

20 

2490 

-5.019 

30 

2520 

-4.918 

40 

2542 

-4.844 

50 

2557 

-4.786 

60 

2570 

-4.739 

70 

2580 

-4.7 

80 

2589 

-4.667 

90 

2596 

-4.639 

100 

2602 
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16-24 The equilibrium constant of the reaction CH 4 + 2O2 <-» CO2 + 2H 2 0 at 25°C is to be determined. 

Analysis The K p value of a reaction at a specified temperature can be determined from the Gibbs function data using 

K p = e -^ G *W R J or in K p = -A G*(T)/RJ 

where 

A G*(T) = Vco 2 gco 2 ( t )^ v h 2 oSh 2 o ( t )- v cu 4 Scu 4 ( t )~ v o 2 So 2 (T) 

At 25°C, 

AG * (T) = l(-394,360) + 2(-228,590) - 1(-50,790) - 2(0) - -800,750 kJ / kmol 
Substituting, 

In K p = -(-800,750 kJ/kmol)/[(8.314 kJ/kmol • K)(298 K)] - 323.04 
or K p = 1.96 x 10 140 


CH4 + 2O2 <r> C0 2 + 2H 2 0 
25°C 


16-25 The equilibrium constant of the reaction C0 2 <-» CO + l/20 2 is listed in Table A-28 at different temperatures. It is to 
be verified using Gibbs function data. 

Analysis {a) The K p value of a reaction at a specified temperature can be determined from the Gibbs function data using 
K p = e ~ AG * (T)IKT or In K p =-AG*(T)/ R U T 

where AG*(T) = v co g (T) + v 0i go 2 ( T )~ v co 2 gco 2 ( r ) 

At 298 K, 

AG *(71 = 1( — 137,150) + 0.5(0) - 1(-3 94,360) = 257,210 kJ/kmol 
Substituting, 

In K p = -(257,210 kJ/kmol)/[(8.314 kJ/kmol • K)(298 K)] = -103.81 
or K p = 8.24xl0' 46 (Table A -28 : In K p = -103.76) 

(b) At 1800 K, 

AG * (T) = v co g* co (T) + v 02 8o 2 (?) ~ v C o 2 8co 2 (H 

= v co V 7 ~ Ts ) co + v o 2 V 1 ~ Ts) o 2 ~ v co 2 0 7 ~ co 2 

= V co [(hf + 7? 1 800 — ^298 ) — ^TlcO 
+ v 0 2 [(hf +/ 7 1800 — ^298 ) — 0 2 

~ v C0 2 l( fl f + ^ 7 1800 _ ^298 ) - ^lc0 2 

= lx (-110,530 + 58,191- 8669 -1800x254.797) 

+ 0.5x (0 + 60,371-8682-1800x264.701) 

- 1 x (-393,520 + 88,806 - 9364 - 1 800 x 302.884) 

= 127,240.2 kJ/kmol 

Substituting, In K p = -(127,240.2 kJ/kmol)/[(8.3 14 kJ/kmol • K)(1800 K)] = -8.502 
or K p = 2.03 x 10 ' 4 (TableA-28: ln^ p =-8.497) 


C0 2 ++ CO + !A0 2 
298 K 
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16-26 Carbon monoxide is burned with 100 percent excess air. The temperature at which 93 percent of CO burn to 
C0 2 is to be determined. 


Assumptions 1 The equilibrium composition consists of C0 2 , CO, 0 2 , and N 2 . 2 The constituents of the mixture are ideal 
gases. 

Analysis Assuming N 2 to remain as an inert gas, the stoichiometric and actual reactions can be written as 


Stoichiometric: C0+^0 2 <=>C0 2 (thus v COi =1, v co =1, and v 0 , =\) 


Actual: 


CO + 1(0 2 + 3.76N 2 ) > 0.93CO 2 + 0.07CO + 0.535O 2 + 3.76N 2 


product 


reactants 


inert 


The equilibrium constant K p can be determined from 



N 


CO 2 
CO, 


AT v CO AT 0 2 

iV co iV o 2 


p 


\ N total J 


( v co 2 v co v o 2 ) 


0.93 r 1 ' 

_ 0.07 X 0.535 0 ' 5 1 0.93 + 0.07 + 0.535 + 3.76 y 
= 41.80 


CO + V2O2 ^ co 2 
93 % 

1 atm 


and 


ln^ = 3.733 


From Table A-28, the temperature corresponding to this K p value is T= 2424 K 
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16-27 



Problem 16-26 is reconsidered. The effect of varying the percent excess air during the steady-flow process 


from 0 to 200 percent on the temperature at which 93 percent of CO burn into C02 is to be studied. 
Analysis The problem is solved using EES, and the solution is given below. 


"To solve this problem, we need to give EES a guess value for T prop other than 
the default value of 1 . Set the guess value of T_prod to 1 000 K by selecting Variable 
Information in the Options menu. Then press F2 or click the Calculator icon." 

"Input Data from the diagram window:" 

{PercentEx = 100} 

Ex = PercentEx/100 "EX = % Excess air/100" 

P_prod =101.3 [kPa] 

R_u=8.314 [kJ/kmol-K] 
f=0.93 


"The combustion equation of CO with stoichiometric amount of air is 
CO + 0.5(02 + 3.76N2)=C02 +0.5(3.76)N2" 

"For the incomplete combustion with 100% excess air, the combustion equation is 
CO + (1+EX)(0.5)(O2 + 3.76N2)=0.97 C02 +aCO + b02+cN2" 

"Specie balance equations give the values of a, b, and c." 

"C, Carbon" 

1 = f + a 
"O, oxygen" 

1 +(1+Ex)*0.5*2=f*2 + a *1 + b*2 
"N, nitrogen" 

(1+Ex)*0.5*3.76 *2 = c*2 

N_tot =f+a +b +c "Total kilomoles of products at equilibrium" 

"The assumed equilibrium reaction is CO2=CO+0.5O2" 

"The following equations provide the specific Gibbs function (g=h-Ts) for 
each component in the product gases as a function of its temperature, T_prod, 
at 1 atm pressure, 1 01 .3 kPa" 

g_C02=Enthalpy(C02,T=T_prod )-T_prod *Entropy(C02,T=T_prod ,P=1 01 .3) 
g_CO=Enthalpy(CO,T=Tj>rod )-T_prod *Entropy(CO,T=T_prod ,P=1 01 .3) 
g_02=Enthalpy(02,T=T_prod )-T_prod *Entropy(02,T=T_prod ,P=1 01 .3) 

"The standard-state Gibbs function is" 

DELTAG =1 *g_CO+0.5*g_O2-1 *g_C02 

"The equilibrium constant is given by Eq. 15-14." 

K_P = exp(-DELTAG /(R_u*T_prod )) 

P=P_prod /1 01 .3"atm" 

"The equilibrium constant is also given by Eq. 15-15." 

"K_ P = (P/N_tot) A (1 +0.5-1 )*(a A 1 *b A 0.5)/(0.97 A 1 )" 

sqrt(P/N_tot )*a *sqrt(b )=K_P *f 
InK p = ln(k_P) 

"Compare the value of lnK_p calculated by EES with the value of lnK_p from table A-28 in the text." 
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PercentEx 

[%i 

T prod 

[K] 

0 

2247 

20 

2342 

40 

2377 

60 

2398 

80 

2411 

100 

2421 

120 

2429 

140 

2435 

160 

2440 

180 

2444 

200 

2447 



PercentEx [%] 
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16-28E Carbon monoxide is burned with 100 percent excess air. The temperature at which 93 percent of CO burn to CO 2 is 
to be determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , CO, 0 2 , and N 2 . 2 The constituents of the mixture are ideal 
gases. 

Analysis Assuming N 2 to remain as an inert gas, the stoichiometric and actual reactions can be written as 
Stoichiometric: C0+j0 2 <^>C0 2 (thus v co , =1, v C o =1> and v 0 , =\) 


Actual: 


CO + 1(0 2 + 3.76N 2 ) > 0.93CO 2 + 0.07CO + 0.535O 2 + 3.76N 2 


product 


reactants 


inert 


The equilibrium constant K p can be determined from 


N. 


K„ = 


CO 2 
CO, 


/ ' _v CO AJ V °2 


P 


N CO N 'o 2 V^totaU 


( v co 2 v co v o 2 ) 


0.93 


0.07x0.535 
= 41.80 


0.5 


1 


1-1.5 


0.93 + 0.07 + 0.535 + 3.76 



and 


In K p =3.733 


From Table A-28, the temperature corresponding to this K p value is T= 2424 K = 4363 R 


16-29 Hydrogen is burned with 150 percent theoretical air. The temperature at which 98 percent of H 2 will burn to H 2 0 is to 
be determined. 

Assumptions 1 The equilibrium composition consists of H 2 0, H 2 , 0 2 , and N 2 . 2 The constituents of the mixture are ideal 
gases. 

Analysis Assuming N 2 to remain as an inert gas, the stoichiometric and actual reactions can be written as 
Stoichiometric: H 2 +y0 2 <=> H 2 0 (thus v H2 q = l,v H = 1, and v 0 , =j) 


Actual: H 2 +0.75(O 2 + 3.76N 2 ) > 0.98 H 2 0 + 0.02 H 2 +0.26O 2 +2.82N 2 

V V V 

product reactants inert 

The equilibrium constant K p can be determined from 


H 2 0, h 2 

0 2 , n 2 


= 194.11 

From Table A-28, the temperature corresponding to this K p value is T = 2472 K. 


= 


N Vn 2° 

H 2 0 




0.98 


P 


V total J 


( v h 2 o~ v h 2 ~ v o 2 ) 


H: 


0.02x0.26 


0.5 


1 


1-1.5 


Combustion 

chamber 


0.98 + 0.02 + 0.26 + 2.82 


Air- 
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16-30 Air is heated to a high temperature. The equilibrium composition at that temperature is to be determined. 
Assumptions 1 The equilibrium composition consists of N 2 , 0 2 , and NO. 2 The constituents of the mixture are ideal gases. 
Analysis The stoichiometric and actual reactions in this case are 
Stoichiometric: |N 2 + y0 2 » NO (thus v N0 =1, =~, and =j) 


Actual: 


3.76 N 2 + 0 2 


> iNO + y N 2 + z0 2 

prod. 


reactants 

N balance: 7.52=x + 2y or y = 3.76-0.5x 

O balance: 2 = x + 2z or z = 1 - 0.5x 

Total number of moles: A total =x+y+z=x+ 4.76- x = 4.76 

The equilibrium constant relation can be expressed as 


k p = 


AA Vno 

iV NO 


f p \ ( v no _v/ n 2 ~ v 0 2 ) 


7V v n 2 n v o 2 
iV N 2 iV 0 2 


V N total J 


From Table A-28, In K p = -3.93 1 at 2000 K. Thus K p = 0.01962. Substituting, 


0.01962 = 


x 


(3.76 - 0.5x)°‘ 5 (1 - 0.5x) 0-5 


2 


A 1-1 


4.76 



Solving for x, 

x = 0.0376 

Then, 

y = 3.76-0.5x = 3.7412 
z= l-0.5x = 0.9812 

Therefore, the equilibrium composition of the mixture at 2000 K and 2 atm is 
0.0376NO + 3.7412N 2 +0.9812O 2 

The equilibrium constant for the reactions 0 2 <=> 20 (In K p = -14.622) and N 2 <^> 2N (In K p = -41.645) are much smaller 

than that of the specified reaction (In K p = -3.931). Therefore, it is realistic to assume that no monatomic oxygen or nitrogen 
will be present in the equilibrium mixture. Also the equilibrium composition is in this case is independent of pressure since 
A v = 1 - 0.5 - 0.5 = 0 . 
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16-31 Hydrogen is heated to a high temperature at a constant pressure. The percentage of H 2 that will dissociate into H is to 
be determined. 

Assumptions 1 The equilibrium composition consists of H 2 and H. 2 The constituents of the mixture are ideal gases. 
Analysis The stoichiometric and actual reactions can be written as 
Stoichiometric: H 2 « 2H (thus v H =1 and v H -2) 


Actual: 


H 


■» xH 2 + y H 

react. prod. 


H balance: 2 = 2 x + y or y = 2 - 2x 

Total number of moles: A to tai = x + y = x + 2 - 2x = 2 - x 

The equilibrium constant relation can be expressed as 


K p =W- 

p K: 


Vu ( t\ \ v n- v u 2 


P 


V. ^total J 


From Table A-28, In K p = 0.934 at 4000 K. Thus K p = 2.545. Substituting, 


2.545 = 


(2 - 2jc) 


x 


2 / c \ 2 ~ X 


2~ X 



Solving for x, 

x = 0.664 

Thus the percentage of H 2 which dissociates to H at 3200 K and 8 atm is 
1 -0.664 = 0.336 or 33 . 6 % 
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16-32E A mixture of CO, O 2 , and N 2 is heated to a high temperature at a constant pressure. The equilibrium composition is 
to be determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , CO, 0 2 , and N 2 . 2 The constituents of the mixture are ideal 
gases. 

Analysis The stoichiometric and actual reactions in this case are 
Stoichiometric: C0+y0 2 <^>C0 2 (thus v COi = l,v co = 1, and v 0 , =\) 

Actual: 2C0 + 20 2 + 6N 2 » xC0 2 + jC0 + z0 2 +6N 2 

^ v j \ v j m 

products reactants inert 


C balance: 2 = x + y > y = 2-x 


2 CO 
2 0 2 
6 N 2 

4320 R 

3 atm 


O balance: 6 = 2x + .y + 2z > z = 2 - 0.5x 

Total number of moles: A total = x + j; + z + 6 = 10- 0.5x 


The equilibrium constant relation can be expressed as 



N Vc ° 2 

co 2 


P 


iy. 


CO 2 ~ v co~ v o 2 


iV CO iV 0 7 


V ^ total j 


From Table A-2 8, ln^ /; =3.860 at T = 4320 R = 2400 K. Thus K p =47.465. Substituting, 


1-1.5 


47.465 = 


x 


(2 - x)(2 - 0.5x) 


0.5 


10-0.5x 


Solving for x, 

x — 1 .930 

Then, 

y = 2 - x = 0.070 
z = 2 - 0.5x = 1.035 

Therefore, the equilibrium composition of the mixture at 2400 K and 3 atm is 

1.930CO 2 + 0.070CO + 1.035O 2 + 6N 2 
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16-33 A mixture of N 2 , O 2 , and Ar is heated to a high temperature at a constant pressure. The equilibrium composition is to 
be determined. 

Assumptions 1 The equilibrium composition consists of N 2 , 0 2 , Ar, and NO. 2 The constituents of the mixture are ideal 
gases. 

Analysis The stoichiometric and actual reactions in this case are 
Stoichiometric: | N 2 +yO 2 <=> NO (thus v N0 = 1, =j, and v Qi =j-) 


Actual: 


N balance: 


3N 2 + 0 2 +0.1 Ar 


6 = x + 2 y 


-> xNO + jN 2 + z0 2 + 0.1Ar 

prod. reactants inert 

—> y = 3- 0.5x 



O balance: 


2 = x + 2z 


-> z = 1 - 0.5x 


Total number of moles: A total = x + y + z + 0.1 = 4.1 

The equilibrium constant relation becomes, 


M V NO 

_ iV NO 

p K N :K°: 


( p \( v no~ v n 2 ~ v o 2 ) 


total J 


X 


/ X 1-0. 5-0.5 

r P ^ 


0.5 0.5 

y z 


V total J 


From Table A-2 8, ln^ /; =-3.019 at 2400 K. Thus K p =0.04885. Substituting, 


p 


0.04885 


(3 - 0 . 5 x )°' 5 (1 - 0 . 5x)°' 5 


Solving for x, 

x = 0.0823 

Then, 

y = 3 - 0.5x = 2.9589 
z= 1 -0.5x^0.9589 

Therefore, the equilibrium composition of the mixture at 2400 K and 10 atm is 

0.0823NO + 2.9589N 2 + 0.95890 2 +0.1Ar 
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16-34 The mole fraction of sodium that ionizes according to the reaction Na <=> Na + e~ at 2000 K and 1.5 atm is to be 
determined. 

Assumptions All components behave as ideal gases. 

Analysis The stoichiometric and actual reactions can be written as 

Stoichiometric: Na<=>Na + +e' (thus v Na = 1, v Na+ =1 andv e . =1) 

Actual: Na > xNa + jNa + + ye~ 

react. products 

Na balance: 1 = x + j; or y = 1 - x 



Total number of moles: A total = * + 2^ = 2- x 

The equilibrium constant relation becomes, 





/V VNa 

iV Na 


p ^ 

++V - _V Na) 2 

Na c y 

' p 'j 

v N total J 

X 

V ^total y 


1 + 1-1 


Substituting, 


0.668 


(1~-Y) 2 

X 


f 1.5 ^ 
\2 - x J 


Solving for x, 

x = 0.4449 

Thus the fraction of Na which dissociates into Na + and e~ is 
1 - 0.4449 = 0.555 or 55.5% 
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16-35 Oxygen is heated from a specified state to another state. The amount of heat required is to be determined without and 
with dissociation cases. 

Assumptions 1 The equilibrium composition consists of 0 2 and O. 2 The constituents of the mixture are ideal gases. 
Analysis {a) Obtaining oxygen properties from table A- 19, an energy balance gives 

fin ~^'out / — system 

Net energy transfer Change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

q m = u 2 -u x 

= 57,192 - 6203 

= 50,989 kJ/kmol 

(b) The stoichiometric and actual reactions in this case are 
Stoichiometric: 0 2 <=>20 (thus v Q2 =1 and v 0 =2) 

Actual: 0 2 »*0 2 + yO 

react. products 


0 2 

2200 K 
1 atm 


O balance: 

Total number of moles: 


2 = 2x + y » y = 2-2x 


N 


total 


= x+y = 2-x 


The equilibrium constant relation can be expressed as 

VO -^02 


K p = 


K° r 


p 


N of V^total J 

From Table A-28, at 2200 K, In K p = -1 1.827 . Then, 

K p = exp(-l 1.827) = 7.305 xl0“ 6 
Substituting, 


7.305x10"° = 


6 ( 2 - 2 *) 


* 


1 

2-x 


\ 2-1 


Solving for *, 

* = 0.99865 

Then, 

y = 2 - 2x = 0.0027 

Therefore, the equilibrium composition of the mixture at 2200 K and 1 atm is 
0.99865 0 2 +0.0027 0 

Hence, the oxygen ions are negligible and the result is same as that in part (a), 

q m =50,989 kJ/kmol 
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16-36 Air is heated from a specified state to another state. The amount of heat required is to be determined without and with 
dissociation cases. 

Assumptions 1 The equilibrium composition consists of 0 2 and O, and N 2 . 2 The constituents of the mixture are ideal gases. 
Analysis {a) Obtaining air properties from table A- 1 7, an energy balance gives 

fin ~^oul — ^^system 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

q in = u 2 ~ u \ 

= 1872.4-212.64 

= 1660 kJ/kg 

(b) The stoichiometric and actual reactions in this case are 
Stoichiometric: 0 2 <=>20 (thus v 02 =1 and v 0 =2) 

Actual: 0 2 +3.76N 2 >x0 2 + yO + 3.76N 2 

react. products inert 


0 2 , 3.76N 2 
2200 K 
1 atm 


O balance: 

Total number of moles: 


2 = 2x + y » y = 2- 2x 

A to tai = x + y + 3.76 = 5.76- x 


The equilibrium constant relation can be expressed as 

VO -^02 


K p = 


K° ' 


p 


N of V^total J 

From Table A-28, at 2200 K, In K p = -1 1.827 . Then, 

K p = exp(-l 1.827) = 7.305 xl0“ 6 
Substituting, 

1 


7.305 x IQ- 6 = (2 2X) 


X 


\2-l 


5.76-x 


Solving for x, 

x = 0.99706 

Then, 

y = 2 - 2x = 0.00588 

Therefore, the equilibrium composition of the mixture at 2200 K and 1 atm is 
0.997060 2 +0.00588 O + 3.76 N 2 

Hence, the atomic oxygen is negligible and the result is same as that in part (a), 

q m =1660 kJ/kg 
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16-37 Liquid propane enters a combustion chamber. The equilibrium composition of product gases and the rate of heat 
transfer from the combustion chamber are to be determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , 

H 2 0, CO, N 2 , and 0 2 . 2 The constituents of the mixture are ideal 
gases. 

Analysis {a) Considering 1 kmol of C 3 H 8 , the stoichiometric 
combustion equation can be written as 

C 3 H 8 (f) + a th (0 2 + 3.76N 2 ) > 3C0 2 + 4H 2 0 + 3.76a th N 2 

where a± is the stoichiometric coefficient and is determined from the 
0 2 balance, 

2.5tf th = 3 + 2 + l.5a th > a ih = 5 

Then the actual combustion equation with 150% excess air and some CO in 
the products can be written as 

C 3 H 8 (f) + 12.5(0 2 + 3.76N 2 ) > xC0 2 + (3 - x)CO + (9 - 0.5x)O 2 + 4H 2 0 + 47N 2 

After combustion, there will be no C 3 H 8 present in the combustion chamber, and H 2 0 will act like an inert gas. The 
equilibrium equation among C0 2 , CO, and 0 2 can be expressed as 

CO 2 <=>C0 + j0 2 (thus v C o 2 =1, v co =1, and v 02 =\) 
and 

J\l V C o Af V °2 f \(^C0 +v/ 0 2 _V/ C0 2 ) 

g. _ iV co iV o 2 P 

N CO°: V^totaly 

where 

A to tai = x + (3 - x) + (9 - 0.5x) + 4 + 47 = 63 - 0.5x 
From Table A-2 8, ln^ /; =-17.871 at 1200 K. Thus K p =1.73xl0 -8 . Substituting, 

1.73X10" = ( 3 -^ 9 -°^) 05 r 2 

x v63-0.5x 

Solving for x, 

x = 2.9999999 = 3.0 

Therefore, the amount CO in the product gases is negligible, and it can be disregarded with no loss in accuracy. Then the 
combustion equation and the equilibrium composition can be expressed as 

C 3 H 8 (£) + 12.5(0 2 + 3.76N 2 ) > 3C0 2 + 7.50 2 + 4H 2 0 + 47N 2 

and 

3C0 2 +7.50 2 + 4H 2 0 +47N 2 

(b) The heat transfer for this combustion process is determined from the steady-flow energy balance E in - E out = A E tem 
on the combustion chamber with W= 0, 

- e out = E N p (+ +Ti ~ /T ° l - Tj n * fc + /7 - /7 ° l 

Assuming the air and the combustion products to be ideal gases, we have h = h{T). From the tables, (The hj of liquid 
propane is obtained by adding the h/ g at 25 °C to h°j of gaseous propane). 
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Substance 

hf 

kJ/kmol 

^285 K 

kJ/kmol 

^298 K 

kJ/kmol 

^1200 K 

kJ/kmol 

c 3 H 8 CO 

-118,910 

— 

— 

— 

o 2 

0 

8696.5 

8682 

38.447 

n 2 

0 

8286.5 

8669 

36,777 

h 2 o (g) 

-241,820 

— 

9904 

44,380 

co 2 

-393,520 

— 

9364 

53,848 


Substituting, 

-Qout = 3( -3 93,520 + 53,848 - 9364) + 4( -241,820 + 44,380 - 9904) 
+ 7.5(0 + 38,447 - 8682) + 47(0 + 36,777 - 8669) 

- 1(-1 18,9 1 0 + /7 298 - h 29S ) - 12.5(0 + 8296.5 - 8682) 

-47(0 + 8186.5-8669) 

= -185,764 kJ / kmol of C 3 H 8 


or 

Q out =185,764 kJ/kmol ofC 3 H 8 

The mass flow rate of C 3 H 8 can be expressed in terms of the mole numbers as 

N = A = L2tg/min = 0.02727 kmol / min 
M 44 kg / kmol 

Thus the rate of heat transfer is 


2out =N x 0out = (0.02727 kmol/min)(l 85,746 kJ/kmol) = 5066 kj/min 

The equilibrium constant for the reaction N 2 + y 0 2 <^=> NO is In K p = -7.569, which is very small. This indicates that the 
amount of NO formed during this process will be very small, and can be disregarded. 
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16-38 



Problem 16-37 is reconsidered. It is to be investigated if it is realistic to disregard the presence of NO in the 


product gases. 

Analysis The problem is solved using EES, and the solution is given below. 


"To solve this problem, the Gibbs function of the product gases is minimized. Click on the Min/Max icon." 

For this problem at 1200 K the moles of CO are 0.000 and moles of NO are 0.000, thus we 
can disregard both the CO and NO. However, try some product temperatures above 1286 K 
and observe the sign change on the Q_out and the amout of CO and NO present as the 
product temperature increases." 

"The reaction of C3H8(liq) with excess air can be written: 

C3H8(I) + (1+Ex)A_th (02+3.76N2) = a C02 + b CO + c H20 + d N2 + e 02 + f NO 

The coefficients A_th and EX are the theoretical oxygen and the percent excess air on a decimal 
basis. Coefficients a, b, c, d, e, and f are found by minimiming the Gibbs Free Energy at a total 
pressure of the product gases P_Prod and the product temperature T_Prod. 

The equilibrium solution can be found by applying the Law of Mass Action or by minimizing the Gibbs function. 

In this problem, the Gibbs function is directly minimized using the optimization capabilities built into EES. 

To run this program, click on the Min/Max icon. There are six compounds present in the products subject to four 
specie balances, so there are two degrees of freedom. Minimize the Gibbs function of the product gases with 
respect to two molar quantities such as coefficients b and f. The equilibrium mole numbers a, b, c, d, e, and f 
will be determined and displayed in the Solution window." 

PercentEx = 1 50 [%] 

Ex = PercentEx/100 "EX = % Excess air/100" 

P_prod =2*P_atm 
T_Prod=1200 [K] 
m dot fuel = 0.5 [kg/s] 

Fuel$- C3H8' 

T_air= 12+273 "[K]" 

T fuel = 25+273 "[K]" 

P_atm = 101.325 [kPa] 

R_u=8.314 [kJ/kmol-K] 

"Theoretical combustion of C3H8 with oxygen: 

C3H8 + A_th 02 = 3 C02 + 4 H20 " 

2*A_th = 3*2 + 4*1 

"Balance the reaction for 1 kmol of C3H8" 

"C3H8(I) + (1+Ex)A_th (02+3.76N2) = a C02 + b CO + c H20 + d N2 + e 02 + f NO" 
bmax = 3 

f_max = (1+Ex)*A_th*3.76*2 

e_guess=Ex*A_th 

1*3 = a*1+b*1 "Carbon balance" 

1*8=c*2 

"Hydrogen balance" 

(1 +Ex)*A_th*2=a*2+b*1 +c*1 +e*2+f*1 "Oxygen balance" 

(1 +Ex)*A_th*3.76*2=d*2+f*1 "Nitrogen balance" 
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"Total moles and mole fractions" 

N_Total=a+b+c+d+e+f 

y_C02=a/N_Total; y_CO=b/N_Total; y_H20=c/N_Total; y_N2=d/N_Total; y_02=e/N_Total; y NO=f/N_Total 

"The following equations provide the specific Gibbs function for each component as a function of its molar 
amount" 

g_C02=Enthalpy(C02,T=T_Prod)-T_Prod*Entropy(C02,T=T_Prod,P=P_Prod*y_C02) 

g_CO=Enthalpy(CO,T=T_Prod)-T_Prod*Entropy(CO,T=T_Prod,P=P_Prod*y_CO) 

g_H20=Enthalpy(H20,T=T_Prod)-T_Prod*Entropy(H20,T=T_Prod,P=P_Prod*y_H20) 

g_N2=Enthalpy(N2,T=T_Prod)-T_Prod*Entropy(N2,T=T_Prod,P=P_Prod*y_N2) 

g_02=Enthalpy(02,T=T_Prod)-T_Prod*Entropy(02,T=T_Prod,P=P_Prod*y_02) 

g_NO=Enthalpy(NO,T=T_Prod)-T_Prod*Entropy(NO,T=T_Prod,P=P_Prod*y_NO) 

"The extensive Gibbs function is the sum of the products of the specific Gibbs function and the molar amount of 
each substance" 

Gibbs=a*g_C02+b*g_C0+c*g_H20+d*g_N2+e*g_02+f*g_N0 

"For the energy balance, we adjust the value of the enthalpy of gaseous propane given by EES:" 
hjgjuel = 15060"[kJ/kmol]" "Table A.27" 
h_fuel = enthalpy(Fuel$,T=T_fuel)-h_fg_fuel 
"Energy balance for the combustion process:" 

"C3H8(I) + (1+Ex)A_th (02+3.76N2) = a C02 + b CO + c H20 + d N2 + e 02 + f NO" 

HR =Q_out+HP 

HR=h_fuel+ (1 +Ex)*A_th*(enthalpy(02,T =T_air)+3.76*enthalpy(N2,T =T_air)) 

HP=a*enthalpy(C02,T=T_prod)+b*enthalpy(CO,T=T_prod)+c*enthalpy(H20,T=T_prod)+d*enthalpy(N2,T=T_pro 
d)+e*enthalpy(02,T=T prod)+f*enthalpy(NO,T=T_prod) 

"The heat transfer rate is:" 

Q_dot_out=Q_out/molarmass(Fuel$)*m_dot_fuel "[kW]" 


SOLUTION 

a=3.000 [kmol] 

A_th=5 

b=0.000 [kmol] 
b_max=3 
c=4.000 [kmol] 
d=47.000 [kmol] 
e=7.500 [kmol] 

Ex=1 .5 
e_guess=7.5 
f=0.000 [kmol] 
Fuel$='C3H8' 
f_max=94 

Gibbs— 17994897 [kJ] 
g_CO=-703496 [kJ/kmol] 


g_C02— 707231 [kJ/kmol] 
g H20—515974 [kJ/kmol] 
g_N2=-248486 [kJ/kmol] 
g NO— 342270 [kJ/kmol] 
g_02— 284065 [kJ/kmol] 

H P—33051 6.747 [kJ/kmol] 
HR— 141 784.529 [kJ/kmol] 
h_fg_fuel= 15060 [kJ/kmol] 
h_fuel=-1 1891 8 [kJ/kmol] 
m_dot_fuel=0.5 [kg/s] 
N_Total=61.5 [kmol/kmoLfuel] 
PercentEx=150 [%] 
P_atm=101.3 [kPa] 

P prod=202.7 [kPa] 


Q_dot_out=2140 [kW] 

Q out=1 88732 [kJ/kmolJuel] 
R_u=8.314 [kJ/kmol-K] 
T_air=285 [K] 

T_fuel=298 [K] 

T_Prod=1 200.00 [K] 
y_CO=1 .626E-15 
y_CO2=0. 04878 
y_H2O=0. 06504 
y_N2=0.7642 
y__NO=7.857E-08 
y_O2=0.122 
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16-39 Oxygen is heated during a steady-flow process. The rate of heat supply needed during this process is to be determined 
for two cases. 

Assumptions 1 The equilibrium composition consists of O 2 and O. 2 All components behave as ideal gases. 

Analysis {a) Assuming some 0 2 dissociates into O, the dissociation equation can be written as 


O 


-> x0 2 +2(l-x)0 


The equilibrium equation among 0 2 and O can be expressed as 
0 2 « 20 (thus v 0 , = 1 an d v'q = 2) 

Assuming ideal gas behavior for all components, the equilibrium 
constant relation can be expressed as 


K„ = 


K° 


K°: 


p 


\ v O ~ V Q2 


V ^total J 



where A total = x + 2(l-x) = 2-x 

From Table A-2 8, ln^ /; =-4.357 at 3000 K. Thus K p =0.01282. Substituting, 


0.01282 


(2 - 2x) 


x 


\2-i 


2-x 


Solving for x gives 
x — 0.943 

Then the dissociation equation becomes 


0 2 > 0.943O 2 +0.1140 

The heat transfer for this combustion process is determined from the steady-flow energy balance E m - E ou{ = AE syi . tQm on 
the combustion chamber with W= 0, 

fin + /T " /7 °)p -X+I+ + 

Assuming the 0 2 and O to be ideal gases, we have h = h(T). From the tables, 


Substance 


hf 

kj/kmol 


^298K 

kj/kmol 


^3000K 

kj/kmol 


O 249,190 6852 63,425 

0 2 0 8682 106,780 


Substituting, 

Q m = 0.943(0 + 1 06,780 - 8682) + 0.1 14(249,1 90 + 63,425 - 6852) - 0 = 1 27,363 kJ / kmol 0 2 
The mass flow rate of 0 2 can be expressed in terms of the mole numbers as 

N = ”L . 0 5t g ,mln . 0.0 1 563 kmol/min 
M 32 kg/kmol 

Thus the rate of heat transfer is 

Qm = 27 x Q m =(0.01563 kmol/min)(127,363 kJ/kmol) = 1990 kj/min 

(b) If no 0 2 dissociates into O, then the process involves no chemical reactions and the heat transfer can be determined 
from the steady-flow energy balance for nonreacting systems to be 

Q m =m(h 2 -h { ) = N(h 2 -/q) = (0.01563 kmol/min)(l 06,780- 8682) kJ/kmol = 1533 kj/min 
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16-40 The equilibrium constant, K p is to be estimated at 3000 K for the reaction CO + H20 = C02 + H2. 

Analysis {a) The K p value of a reaction at a specified temperature can be determined from the Gibbs function data using 

K p =e~ AGHT)IRJ or lnK p =-AG*(T)/R u T 

where 


AG*(T) -v C02 g C02 (T) + v m g m (T) v co&coCO v moSmo(T) 


At 3000 K, 

AG * ( T ) = ^C02 & C02 (^) + V H2Sm CO - V CO&CoCO “ V R20Sh20 CO 

= v co2 ~Ts)co2 + v m(h ~ ^Oh2 ~ v co(h _ ^Oco ~ v mo(^ ~^)mo 

= l[(— 393,520 + 162,226 - 9364) - (3000)(334.084)] 

+ 1[(0 + 97,21 1 - 8468) - (3000)(202.778)] 

- l[(-l 10,530 + 102,210 - 8669) - (3000)(273.508] 

- l[(-24 1,820 + 136,264 - 9904) - (3000)(286.273] 

= 49,291 kJ/kmol 


Substituting, 

In K p 


49,291 kJ/kmol 
(8.3 14 kJ/kmol • K)(3000 K) 


-1.9762 >K p = 0.1386 


The equilibrium constant may be estimated using the integrated varit Hoff equation: 


In 


In 


( K \ 
^ P ,Q St 

_ h R 

( l 

L 

K i ; 
V p [ J 


l t r 



f K \ 

st 

-26,1 76 kJ/kmol 

r 1 1 1 

^0.2209 J 

~~ 8.314kJ/kmol.K 

[2000K 3000 kJ 


*K pest = 0.1307 
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16-41 A constant volume tank contains a mixture of H 2 and 0 2 . The contents are ignited. The final temperature and pressure 
in the tank are to be determined. 

Analysis The reaction equation with products in equilibrium is 

H 2 + O 2 >a H 2 + 6H 2 0 + c0 2 

The coefficients are determined from the mass balances 
Hydrogen balance: 2 = 2a + 2b 

Oxygen balance: 2 = b + 2c 

The assumed equilibrium reaction is 

H 2 0< >H 2 +0.5O 2 

The K p value of a reaction at a specified temperature can be determined from the Gibbs function data using 

K p = e ~ AG *( r > /R ^ T or In K p = -A G*(T)/R„T 

where 


AG * (T) - V m gm (Tprod ) + ]/ 02&02 (Tprod )~ V H20 S H20 <Tprod ) 
and the Gibbs functions are given by 

§ H2 (^prod ) — — ^prod 1 ^ ) H2 

S 02 (Tprod ) = V 1 ~ ^prod^)o2 
&H20 (^prod )~(h~ ^prod H20 

The equilibrium constant is also given by 

/ v \ n^ 0 - 5 ( p, /ini ^°' 5 

k p = 

An energy balance on the tank under adiabatic conditions gives 
U R =U P 

where 


1 0.5 

a c 

{ P ] 

1+0. 5-1 05 

ac 

f P 2 / 10 1 .3 ^ 

b x 

V ^tot j 

b 

v a + b + c y 


U r -l(h H2@25°C RuT . reac ) + K^02@25°C reac ) 

= 0- (8.3 14 kJ/kmol.K)(298.15 K) + 0 -(8.314 kJ/kmol.K)(298.15 K) = -4958 kJ/kmol 

Up =«(^H2@r prod ~^w^prod) + ^(^H20@7 prod “ ^w^prod ) + C (^02@T prod ~ R u T \ prod) 

The relation for the final pressure is 


p _ ^tot ^prod p 

2 a, r 1 

1 v 1 M reac 


r a + b + c^ 

^ T 1 ^ 

1 prod 

l 2 J 

298. 1 5 K J 


(101.3 kPa) 


Solving all the equations simultaneously using EES, we obtain the final temperature and pressure in the tank to be 


r prod = 3857 K 
P 2 =1043 kPa 
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16-42 It is to be shown that as long as the extent of the reaction, a, for the disassociation reaction X 2 <=> 2X is smaller than 
one, a is given by a = 

Assumptions The reaction occurs at the reference temperature. 

Analysis The stoichiometric and actual reactions can be written as 
Stoichiometric: X 2 <=> 2X (thus v X2 =1 and v x =2) 

Actual: X 2 <=> (1 -a)X 2 + 2aX 

P rod - 

The equilibrium constant K p is given by 




^Vx x 

r P ^ 

_ (2a) 2 

' 1 ] 

2-1 , 2 

4 a 

Kf 

V N total j 

(1 ~a) 

v« + U 

(\-a)(\ + a) 


Solving this expression for a gives 
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Simultaneous Reactions 


16-43C It can be 


expresses as 4 \dG) TP = 0 for each reaction.” Or as “the K p relation for each reaction must be satisfied.” 


16-44C The number of K v relations needed to determine the equilibrium composition of a reacting mixture is equal to the 
difference between the number of species present in the equilibrium mixture and the number of elements. 
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16-45 Two chemical reactions are occurring in a mixture. The equilibrium composition at a specified temperature is to be 
determined. 

Assumptions 1 The equilibrium composition consists of H 2 0, OH, 0 2 , and H 2 . 

2 The constituents of the mixture are ideal gases. 

Analysis The reaction equation during this process can be expressed as 

H 2 0 > xH 2 0 + y H 2 +z0 2 + wOH 

Mass balances for hydrogen and oxygen yield 
H balance: 2 = 2x + 2y + w (1) 

O balance: l = x + 2z + w (2) 

The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations 
(to be obtained from the K p relations) to determine the equilibrium composition of the mixture. They are 

H 2 0«H 2 +y0 2 (reaction 1) 

H 2 0<^>yH 2 +0H (reaction 2) 

The equilibrium constant for these two reactions at 3400 K are determined from Table A-28 to be 



In K Pl = -1.891 
In K P2 =-1.576 


The K p relations for these two simultaneous reactions are 


-> K Pl = 0.15092 

-> K P 2 = 0.20680 


< H2 iC 2 ' 

iy~ _ ( - ) 2 

K P\ ~ “ 

N u 2° 

iV H 2 0 


p 


V N total J 


( v/ h 2 +v/ o 2 - 1 / ii 2 o) 


n y n v ™ 


_ h 2 oh 
and K p 2 — 


N VH2 ° 

h 2 o 


P 


V total J 


(^h 2 +^oh-^h 2 o) 


where AT total = iV H20 + N Hi + N Qi + A^ 0H =x + y + z+w 

Substituting, 


0.15092 = 


0.20680 - 


0 ) 0 ) 


1/2 


X 


1 


1/2 


(w)(y) 


1/2 


l ^x + y + z + wj 

1 


x 


\ 1/2 


(3) 


(4) 


^x+y+z+w 

Solving Eqs. (1), (2), (3), and (4) simultaneously for the four unknowns x,y, z, and w yields 
x — 0.574 y = 0.308 z = 0.095 w = 0.236 

Therefore, the equilibrium composition becomes 

0.574H 2 O + 0.308H 2 + 0.0950 2 + 0.236OH 
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16-46 Two chemical reactions are occurring in a mixture. The equilibrium composition at a specified temperature is to be 
determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , CO, 0 2 , and O. 2 The constituents of the mixture are ideal 
gases. 

Analysis The reaction equation during this process can be expressed as 

2C0 2 + 0 2 > xC0 2 + yCO + z0 2 + wO 

Mass balances for carbon and oxygen yield 
C balance: 2 = x + y (1) 

O balance: 6 = 2x + y + 2z + w (2) 

The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations 
(to be obtained from the K P relations) to determine the equilibrium composition of the mixture. They are 

C0 2 «C0 + |0 2 (reaction 1) 

0 2 <=> 20 (reaction 2) 

The equilibrium constant for these two reactions at 2000 K are determined from Table A-28 to be 

\nK Pl = -6.635 > K Pl =0.001314 

In K P1 =-14.622 >K P1 = 4.464 xl(T 7 

The K P relations for these two simultaneous reactions are 


C0 2 , CO, 0 2 , O 
2000 K 
4 atm 


N ° 2 ' 

iV co iV o 2 

A pi - 


N Vc ° 2 

iV C0 2 


p 


V ^ total J 


( v co +v o 2 - v co 2 ) 


k P2 = 


K° 


r 


N 


o 2 


p 


\ v o~ v o 2 


O- 


V N total J 


where 


^total - ^ / ’c0 2 + ^0 2 + ^ / "c0 + ^0- X + T + z + h; 


Substituting, 


0.001314 = 


(k)( z ) 


1/2 


r 


x 




1/2 


7 w 

4.464 x 10~ 7 = — 


^x + y + z + w J 




(3) 


(4) 


Solving Eqs. (1), (2), (3), and (4) simultaneously using an equation solver such as EES for the four unknowns x, y, z, and w 
yields 


x — 1 .998 y = 0.002272 z= 1.001 w = 0.000579 

Thus the equilibrium composition is 

1.998C0 2 + 0.002272CO + 1.0010 2 + 0.0005790 
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16-47 Two chemical reactions are occurring at high-temperature air. The equilibrium composition at a specified temperature 
is to be determined. 


Assumptions 1 The equilibrium composition consists of 0 2 , N 2 , O, and NO. 2 The constituents of the mixture are ideal 
gases. 


Analysis The reaction equation during this process can be expressed as 


Heat 


0 2 +3.76N 2 > xN 2 + _yN0 + z0 2 + wO 

Mass balances for nitrogen and oxygen yield 


N balance: 

7.52 = 2x + y 

in 

O balance: 

2 = y + 2z + w 

(2) 


AIR 

* 

Reaction 

0 2 , N 2 , O, NO 


chamber, 2 atm 

3000 K 


The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations 
(to be obtained from the K p relations) to determine the equilibrium composition of the mixture. They are 

d-N 2 +y0 2 <^>NO (reaction 1) 


0 2 <=> 20 (reaction 2) 

The equilibrium constant for these two reactions at 3000 K are determined from Table A-28 to be 


In K Pl = -2.1 14 


K Pl = 0.12075 


ln^ P2 = -4.357 


-> K P2 = 0.01282 


The K P relations for these two simultaneous reactions are 


K P i = 


Ar N0 

iV NO 


N^ 2 ^o 2 

iV N 2 iV 0 2 


P 


V ^ total J 


( v no -v n 2 ~ v o 2 ) 


Kp 2 ~ 


K° 


r 


N v ° 2 


P 


\ ^0-^02 


V ^ total J 


where A total = 27 N +A NO +^o, + N o =* + y + ^ + w 


Substituting, 


0.12075 


y 


0.5 0.5 
X z 


2 


1-0. 5-0. 5 


l^x + y + z + w J 


(3) 


0.01282 = 


w 


2 




(4) 


z ^x+y+z+w 

Solving Eqs. (1), (2), (3), and (4) simultaneously using EES for the four unknowns x, y , z, and w yields 
x — 3 .656 y = 0.2086 z = 0.8162 w = 0.1591 

Thus the equilibrium composition is 


3.656N 2 +0.2086NO + 0.81620 2 +0.15910 

The equilibrium constant of the reaction N 2 <=> 2N at 3000 K is In K P = -22.359, which is much smaller than the K P values 
of the reactions considered. Therefore, it is reasonable to assume that no N will be present in the equilibrium mixture. 
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16-48E Two chemical reactions are occurring in air. The equilibrium 
determined. 

Assumptions 1 The equilibrium composition consists of 0 2 , N 2 , O, and NO. 
gases. 

Analysis The reaction equation during this process can be expressed as 


composition at a specified temperature is to be 
2 The constituents of the mixture are ideal 


0 9 +3.76N 2 > iN 2 +j^N0 + z0 2 + w0 

Mass balances for nitrogen and oxygen yield 
N balance : 7.52 = 2 x + y ( 1 ) 

O balance: 2 = y + 2z + w (2) 



Heat 


AIR 

/ 

Reaction 

0 2 , N 2 , O, NO 


chamber, 1 atm 

5400 R 


The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations 
(to be obtained from the K p relations) to determine the equilibrium composition of the mixture. They are 

-jN 2 +y0 2 <=> NO (reaction 1) 


0 2 <=> 20 (reaction 2) 

The equilibrium constant for these two reactions at T— 5400 R = 3000 K are determined from Table A-28 to be 


In K Pl = -2.1 14 


K PX = 0.12075 


\n.K P1 = -4.357 


■» K P2 = 0.01282 


The K P relations for these two simultaneous reactions are 


K P 1 = 


M V N° 
iV NO 


f p \ (^NO — -) ~ H)? ) 


^ V N 2 

n 2 iV 0 2 


V ^ total J 


K P2 - 


Nq° ( p Vo_v ° 2 


N v ° 2 


V total J 


where ^otai = + n ko+ n o, +N 0 =x + y + z + w 


Substituting, 


0.12075 


y 


0.5 0.5 
X z 


1 


N 1-0.5-0.5 


K x + y + z + w y 


(3) 


0.01282 = 


w 


1 


A 2-1 


(4) 


z yx+y+z+wj 

Solving Eqs. (1), (2), (3), and (4) simultaneously for the four unknowns x,y, z, and w yields 
x — 3.658 y = 0.2048 z = 0.7868 w = 0.2216 

Thus the equilibrium composition is 


3.658N 2 + 0.2048NO + 0.78680 2 + 0.22160 

The equilibrium constant of the reaction N 2 <=> 2N at 5400 R is In K P = -22.359, which is much smaller than the K P values 
of the reactions considered. Therefore, it is reasonable to assume that no N will be present in the equilibrium mixture. 
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14-49E Problem 16-48E is reconsidered. Using EES (or other) software, the equilibrium solution is to be obtained by 

minimizing the Gibbs function by using the optimization capabilities built into EES. This solution technique is to be 
compared with that used in the previous problem. 

Analysis The problem is solved using EES, and the solution is given below. 


"This example illustrates how EES can be used to solve multi-reaction chemical equilibria 
problems by directly minimizing the Gibbs function. 

0.21 02+0.79 N2 = a 02+b O + c N2 + d NO 

Two of the four coefficients, a, b, c, and d, are found by minimiming the Gibbs function at a total 
pressure of 1 atm and a temperature of 5400 R. The other two are found from mass balances. 

The equilibrium solution can be found by applying the Law of Mass Action to two 

simultaneous equilibrium reactions or by minimizing the Gibbs function. In this problem, the Gibbs function is 
directly minimized using the optimization capabilities built into EES. 

To run this program, select MinMax from the Calculate menu. There are four compounds present 
in the products subject to two elemental balances, so there are two degrees of freedom. Minimize 
Gibbs with respect to two molar quantities such as coefficients b and d. The equilibrium mole 
numbers of each specie will be determined and displayed in the Solution window. 

Minimizing the Gibbs function to find the equilibrium composition requires good initial guesses." 

"Data from Data Input Window" 

{T=5400 "R" 

P=1 "atm" } 

AO2=0.21 ; BN2=0.79 "Composition of air" 

A02*2=a*2+b+d "Oxygen balance" 

BN2*2=c*2+d "Nitrogen balance" 

"The total moles at equilibrium are" 

N_tot=a+b+c+d 

y_02=a/N_tot; y_0=b/N_tot; y_N2=c/N_tot; yJ\IO=d/N_tot 

"The following equations provide the specific Gibbs function for three of the components." 
g_02=Enthalpy(02,T=T)-T*Entropy(02,T=T,P=P*y_02) 
gJ\l2=Enthalpy(N2,T=T)-T*Entropy(N2,T=T,P=P*y_N2) 
g_NO=Enthalpy(NO,T=T)-T*Entropy(NO,T=T,P=P*y_NO) 

"EES does not have a built-in property function for monatomic oxygen so we will use the JANAF 
procedure, found under Options/Function Info/External Procedures. The units for the JANAF 
procedure are kgmole, K, and kJ so we must convert h and s to English units." 

T_K=T*Convert(R,K) "Convert R to K" 

Call JANAF('0',T_K:Cp',h',S') "Units from JANAF are SI" 

S_0=S'*Convert(kJ/kgmole-K, Btu/lbmole-R) 
h_0=h'*Convert(kJ/kgmoie, Btu/lbmole) 

"The entropy from JANAF is for one atmosphere so it must be corrected for partial pressure." 
g_0=h_0-T*(S_0-R_u*in(Y_0)) 

R_u=1 .9858 "The universal gas constant in Btu/mole-R " 

"The extensive Gibbs function is the sum of the products of the specific Gibbs function and the 
molar amount of each substance." 

Gibbs=a*g_02+b*g_0+c*g_N2+d*g_N0 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


16-45 


d 

[Ibmol] 

b 

[Ibmol] 

Gibbs 

[Btu/lbmol] 

Y02 

Yo 

Yno 

yN2 

T 

[R1 

0.002698 

0.00001424 

-162121 

0.2086 

0.0000 

0.0027 

0.7886 

3000 

0.004616 

0.00006354 

-178354 

0.2077 

0.0001 

0.0046 

0.7877 

3267 

0.007239 

0.0002268 

-194782 

0.2062 

0.0002 

0.0072 

0.7863 

3533 

0.01063 

0.000677 

-211395 

0.2043 

0.0007 

0.0106 

0.7844 

3800 

0.01481 

0.001748 

-228188 

0.2015 

0.0017 

0.0148 

0.7819 

4067 

0.01972 

0.004009 

-2451 57 

0.1977 

0.0040 

0.0197 

0.7786 

4333 

0.02527 

0.008321 

-262306 

0.1924 

0.0083 

0.0252 

0.7741 

4600 

0.03132 

0.01596 

-279641 

0.1849 

0.0158 

0.0311 

0.7682 

4867 

0.03751 

0.02807 

-2971 79 

0.1748 

0.0277 

0.0370 

0.7606 

5133 

0.04361 

0.04641 

-314941 

0.1613 

0.0454 

0.0426 

0.7508 

5400 



Discussion The equilibrium composition in the above table are based on the reaction in which the reactants are 0.21 kmol 
0 2 and 0.79 kmol N 2 . If you multiply the equilibrium composition mole numbers above with 4.76, you will obtain 
equilibrium composition for the reaction in which the reactants are 1 kmol 0 2 and 3.76 kmol N 2 .This is the case in problem 


16-43E. 
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16-50 Water vapor is heated during a steady- flow process. The rate of heat supply for a specified exit temperature is to be 
determined for two cases. 

Assumptions 1 The equilibrium composition consists of H 2 0, OH, 0 2 , and H 2 . 2 The constituents of the mixture are ideal 
gases. 


Analysis (a) Assuming some H 2 0 dissociates into H 2 , 0 2 , and 
O, the dissociation equation can be written as 


Q 


HoO 


-> xH 2 0 + y H 2 +z0 2 + wOH 


H 2 0 


298 K 




h 2 0, h 2 , o 2 , 

OH 


2400 K 


Mass balances for hydrogen and oxygen yield 
H balance: 2 = 2x + 2y + w (1) 

O balance: l = x + 2z + w (2) 

The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations 
(to be obtained from the K P relations) to determine the equilibrium composition of the mixture. They are 

H 2 0«H 2 +j0 2 


(reaction 1) 

(reaction 2) 

The equilibrium constant for these two reactions at 2400 K are determined from Table A-28 to be 


H 2 0 o|H, +OH 


In K Pl =-5.619 
In K P2 =-5.832 


*K n =0.003628 
->K P1 =0.002932 


The K P relations for these three simultaneous reactions are 

P 


N V " 2 N V ° 2 f r» V V H 2 +Vo 2 -V H2 o) 


Kp 1 = 


K P2 - 


H- 


O- 


N y n 2 o 
iV H 2 0 

Ny 


V ^ total J 


H 


OH 


N *2° 

7V H,0 


P 


V N total J 


( v h 2 +v oh -v H9o) 


ii 2 o 


where 


N total - ^H ? 0 + + ^O, + ^OH - * + y + ^ + W 


Substituting, 


0.003628 = 


0.002932 = 


(y)(z) 


1/2 


X 


1 


1/2 


(w)(y) 


1/2 


1 v x + y + z + w 

1 


x 


xl/2 


(3) 


(4) 


yx + y + z + w 

Solving Eqs. (1), (2), (3), and (4) simultaneously for the four unknowns x, y, z, and w yields 
x — 0.960 y = 0.03204 z = 0.01205 w = 0.01588 

Thus the balanced equation for the dissociation reaction is 

H 2 0 > 0.960H 2 0 + 0.03204H 2 + 0.012050 2 + 0.015880H 

The heat transfer for this dissociation process is determined from the steady-flow energy balance E- m - E out 
W= 0, 

e,„ =Yj n p fc +/7 - /7 ° )p - X N * fe + /7 ~ h° f 


^system with 
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Assuming the 0 2 and O to be ideal gases, we have h = h{T). From the tables, 


Substance 

hf 

kJ/kmol 

1*298 K 

1*3000 K 

kJ/kmol 

kJ/kmol 

H 2 0 

-241,820 

9904 

103,508 

h 2 

0 

8468 

75,383 

0 2 

0 

8682 

83,174 

OH 

39,460 

9188 

77,015 


Substituting, 

Q m = 0.960(-24 1,820 + 103,508 - 9904) 

+ 0.03204(0 + 75,383-8468) 

+ 0.01205(0 + 83,174-8682) 

+ 0.01588(39,460 + 77,015 - 9188) - (-241,820) 

= 103,380 kJ/kmolH 2 0 

The mass flow rate of FFO can be expressed in terms of the mole numbers as 

^ = j L = 0.6k g /mm =()03333knio|/min 
M 1 8 kg/kmol 

Thus, 

6in = 27xg in =(0.03333kmol/min)(103,380kJ/kmol) = 3446 kj/min 

(b) If no dissociates takes place, then the process involves no chemical reactions and the heat transfer can be determined 
from the steady- flow energy balance for nonreacting systems to be 

Qm = m(h 2 -hQ = N(h 2 - h { ) 

= (0.03333 kmol/min)(l 03,508 - 9904) kJ/kmol 

= 3120 kj/min 
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Problem 16-50 is reconsidered. The effect of the final temperature on the rate of heat supplied for the two 


cases is to be studied. 

Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

T1 =298 [K] 

"T2=2400 [K]" 

P=1 [atm] 

m_dot=0.6 [kg/min] 

T0=298 [K] 

"The equilibrium constant for these two reactions at 2400 K are determined from Table A-28" 
K_p1=exp(-5.619) 

K p2=exp(-5.832) 

"Properties" 

MM_H20=molarmass(H20) 

"Analysis" 

"(a)" 

"Actual reaction: H20 = N_H20 H20 + N_H2 H2 + N_02 02 + N_OH OH" 

2=2*N_H20+2*N_H2+N_0H "H balance" 

1=N_H20+2*N_02+N_0H "O balance" 

N_total=N_H20+N_H2+N_02+N_OH 
"Stoichiometric reaction 1 : H20 = H2 + 1/2 02" 

"Stoichiometric coefficients for reaction 1" 

nu_H20_1=1 

nu_H2_1=1 

nu_02_1=1/2 

"Stoichiometric reaction 2: H20 = 1/2 H2 + OH" 

"Stoichiometric coefficients for reaction 2" 

nu_H20_2=1 

nu_H2_2=1/2 

nu_OH_2=1 

"K_p relations are" 

K pi =(N_H2 A nu_H2_1 *N_02 A nu_02_1 )/N_H20 A nu_H20_1 *(P/N_total) A (nu_H2_1 +nu_02_1 -nu_H20_1 ) 
K_p2=(l\LH2 A nu_H2_2*N_OH A nu_OH_2)/NJH20 A nu_H20_2*(P/N_total) A (nu_H2_2+nu_OH_2-nu_H20_2) 

"Enthalpy of formation data from Table A-26" 
h_f_OH=39460 
"Enthalpies of products" 
h_H20_R=enthalpy(H20, T=T1) 
h_H20_P=enthalpy(H20, T=T2) 
h_H2=enthalpy(H2, T=T2) 
h_02=enthalpy(02, T=T2) 

h_OH=98763 "at T2 from the ideal gas tables in the text" 

"Standard state enthalpies" 

h_o_OH=9188 "at TO from the ideal gas tables in the text" 

"Heat transfer" 

H_P=N_H20*h_H20_P+N_H2*h_H2+N_02*h_02+N_0H*(h_f_0H+h_0H-h_0_0H) 

H_R=N H20_R*h_H20_R 

N_H20_R=1 

Q_in_a=H_P-H_R 

Q_dot_in_a=(m_dot/MM_H20)*QJn_a 

"(b)" 

Q_in_b=N_H20_R*(h_H20_P-h_H20_R) 

Q_dotJn_b=(m_dot/MM_H20)*QJn_b 
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Tprod [K] 

Qin.Dissoc 

[kJ/min] 

Qin.NoDissoc 

[kJ/min] 

2500 

3660 

3295 

2600 

3839 

3475 

2700 

4019 

3657 

2800 

4200 

3840 

2900 

4382 

4024 

3000 

4566 

4210 

3100 

4750 

4396 

3200 

4935 

4583 

3300 

5121 

4771 

3400 

5307 

4959 

3500 

5494 

5148 



T2 [K] 
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16-52 Ethyl alcohol C 2 H 5 OH (gas) is burned in a steady- flow adiabatic combustion chamber with 40 percent excess 

air. The adiabatic flame temperature of the products is to be determined and the adiabatic flame temperature as a function of 
the percent excess air is to be plotted. 

Analysis The complete combustion reaction in this case can be written as 

C 2 H 5 0H(gas) + (l + £x)a th [0 2 +3.76N 2 ] >2C0 2 + 3H 2 0 + (Ex)(a th )0 2 + / N 2 

where a { h is the stoichiometric coefficient for air. The oxygen balance gives 
1 + (1 + Ex)a th x2=2x2+3xl+ (Ex)(a th ) x 2 

The reaction equation with products in equilibrium is 

C 2 H 5 OH (gas) + (1 + Ex)a th [0 2 + 3.76N 2 ] >aC0 2 + bCO + d H 2 0 + e 0 2 +/N 2 +gNO 

The coefficients are determined from the mass balances 
Carbon balance: 2 = a + b 


Hydrogen balance: 
Oxygen balance: 

Nitrogen balance: 


6 = 2d 


->d = 3 


1 + (1 + Ex)a th x2 = ax2 + b + d + e x 2 + g 
(1 + Ex)a th x 3.76 x2 = / x2 + g 

Solving the above equations, we find the coefficients to be 

Ex = 0.4, a th = 3, 0= 1.995, 6 = 0.004712, d = 3, e = 1.17, /= 15.76, g = 0.06428 
Then, we write the balanced reaction equation as 
C 2 H 5 OH (gas) + 4.2[0 2 +3.76N 2 ] 

>1.995 C0 2 + 0.004712 CO + 3 H 2 0 + 1.17 0 2 + 15.76 N 2 +0.06428 NO 

Total moles of products at equilibrium are 

A tot =1.995 + 0.004712 + 3 + 1.17 + 15.76 = 21.99 
The first assumed equilibrium reaction is 
C0 2 < >CO + 0.5O 2 

The K p value of a reaction at a specified temperature can be determined from the Gibbs function data using 

AC, *(T pmd )' 


K p i = exp 


D 'T' 

^u 1 prod 


Where AG , * (T prod ) - V co gcO (Tprod ) + v 02 * 02 (-^prod ) “ V C 02 S C 02 (^prod ) 
and the Gibbs functions are defined as 

8 CO (Tprod ) = (h ~ ^prod^)cO 
8 02 (^prod ) = 0 1 ~ ^prod^) 02 
8 C02 (^prod ) = ^prod**) C02 

The equilibrium constant is also given by 


be 05 

( P > 

1+0. 5-1 n c 

(0.0047 12)(1 .17) 05 

( i ^ 

0.5 

a 

v ^ tot y 

1.995 

I21.99J 



K p i = 


The second assumed equilibrium reaction is 
0.5N 2 +0.5O 2 < >NO 


= 0.0005447 


Also, for this reaction, we have 
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g NO ( ^prod ) ~(h ^prod s ) NO 
g N2 (Tprod ) = (h ~ ^prod^) N2 

g 02 (^prod ) — ( ^ — ^prod ^ ) 02 


AG 2 * (Tprod ) ~ V/ NO^No(^prod) _V N2feN2(^prod) _V/ 02^02(^prod) 

A G 2 *(T pwd y 


K pl = exp 


K P2 = 


d r r 
^ u 1 prod 


p 

1-0. 5-0. 5 

g 

f 1 ^ 

° 0.06428 

V A^tot y 

0.5 r0.5 

e / 

[21.99 v 

(1.17) 05 (15.76)' 05 


= 0.01497 


A steady flow energy balance gives 


h r =h p 


where 


Hr - ^/fuel@25°C + ^-^02@25°C + 15.79/2 N2 @ 2 5°C 

= (-23 5,3 1 0 kJ/kmol) + 4.2(0) + 1 5 .79(0) = -23 5,3 1 0 kJ/kmol 

H P =1.995 h CQ2@Tfigi + 0.0041 Uh co@T ^ + 3/? H20@rpod +1.17A 02@ ^ rDd + 15.76A N2@rimd +0.06428/? NO@T]m)d 

Solving the energy balance equation using EES, we obtain the adiabatic flame temperature 



= 1901 K 


The copy of entire EES solution including parametric studies is given next: 


"The reactant temperature is:" 

T_reac= 25+273 "[K]" 

"For adiabatic combustion of 1 kmol of fuel: " 

Q_out = 0 "[kJ]" 

PercentEx = 40 "Percent excess air" 

Ex = PercentEx/100 "EX = % Excess air/100" 

P_prod =101.3"[kPa]" 

R_u=8.314 "[kJ/kmol-K]" 

"The complete combustion reaction equation for excess air is:" 

"C2H50H(gas)+ (1+Ex)*A_th (02 +3.76N2)=2 C02 + 3 H20 + Ex*A_th 02 + f N2 " 
"Oxygen Balance for complete combustion:" 

1 + (1 +Ex)*A_th*2=2*2+3*1 + Ex*A_th*2 

"The reaction equation for excess air and products in equilibrium is:" 

"C2H50H(gas)+ (1+Ex)*A_th (02 +3.76N2)=a C02 + b CO+ d H20 + e 02 + f N2 + g NO" 
"Carbon Balance:" 

2=a + b 

"Hydrogen Balance:" 

6=2*d ' 

"Oxygen Balance:" 

1 + (1+Ex)*A_th*2=a*2+b + d + e*2 +g 
"Nitrogen Balance:" 

(1+Ex)*A_th*3.76 *2= f*2 + g 

N_tot =a +b + d + e + f +g "Total kilomoles of products at equilibrium" 

"The first assumed equilibrium reaction is 002=00+0.502" 

"The following equations provide the specific Gibbs function (g=h-Ts) for 
each component in the product gases as a function of its temperature, T_prod, 
at 1 atm pressure, 101.3 kPa" 

g_C02=Enthalpy(C02,T=T_prod )-T_prod *Entropy(C02,T=T_prod ,P=1 01 .3) 
g_CO=Enthalpy(CO,T=T_prod )-T_prod *Entropy(CO,T=T_prod ,P=1 01 .3) 
g_02=Enthalpy(02,T=T_prod )-T_prod *Entropy(02,T=T_prod ,P=101.3) 
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16-52 


"The standard-state Gibbs function is" 

DELTAG_1 =1 *g_CO+0.5*g_O2-1 *g_C02 
"The equilibrium constant is given by Eq. 15-14." 

K_P_1 = exp(-DELTAG_1 /(R_u*T_prod )) 

P=P_prod/101.3"atm" 

"The equilibrium constant is also given by Eq. 15-15." 

"K_ P_1 = (P/N_tot) A (1 +0.5-1 )*(b A 1*e A 0.5)/(a A 1)" 
sqrt(P/N_tot) *b *sqrt(e) =K_P_1*a 

"The econd assumed equilibrium reaction is 0.5N2+0.5O2=NO" 
g_NO=Enthalpy(NO,T=T_prod )-T_prod *Entropy(NO,T=T_prod ,P=101.3) 
g_N2=Enthalpy(N2,T=T_prod )-T_prod *Entropy(N2,T=T_prod ,P=101.3) 

"The standard-state Gibbs function is" 

D E LT AG_2 =1*g_NO-0.5*g_O2-0.5*g_N2 
"The equilibrium constant is given by Eq. 15-14." 

K_P_2 = exp(-DELTAG_2 /(R_u*T_prod )) 

"The equilibrium constant is also given by Eq. 15-15." 

"K_ P_2 = (P/N_tot) A (1-0.5-0.5)*(g A 1)/(e A 0.5*f A 0.5)" 
g=K_P_2 *sqrt(e*f) 

"The steady-flow energy balance is:" 

H_R = Q_out+H_P 

h_bar_f_C2H50Hgas=-23531 0 "[kJ/kmol]" 

H_R=1*(h_bar_f_C2H50Hgas ) 

+(1+Ex)*A_th*ENTHALPY(02,T=T_reac)+(1+Ex)*A_th*3.76*ENTHALPY(N2,T=T_reac) "[kJ/kmol]" 

H P=a*ENTHALPY(C02,T=T_prod)+b*ENTHALPY(CO,T=T_prod)+d*ENTHALPY(H20,T=T_prod)+e*ENTHAL 
PY(02,T=T_prod)+f*ENTHALPY(N2,T=T_prod)+g*ENTHALPY(NO,T=T_prod) "[kJ/kmol]" 


a th 

a 

b 

d 

e 

f 

9 

PercentEx 

[%] 

Tprod 

[K] 

3 

1.922 

0.07779 

3 

0.3081 

12.38 

0.0616 

10 

2184 

3 

1.971 

0.0293 

3 

0.5798 

13.5 

0.06965 

20 

2085 

3 

1.988 

0.01151 

3 

0.8713 

14.63 

0.06899 

30 

1989 

3 

1.995 

0.004708 

3 

1.17 

15.76 

0.06426 

40 

1901 

3 

1.998 

0.001993 

3 

1.472 

16.89 

0.05791 

50 

1820 

3 

1.999 

0.0008688 

3 

1.775 

18.02 

0.05118 

60 

1747 

3 

2 

0.0003884 

3 

2.078 

19.15 

0.04467 

70 

1682 

3 

2 

0.0001774 

3 

2.381 

20.28 

0.03867 

80 

1621 

3 

2 

0.00008262 

3 

2.683 

21.42 

0.0333 

90 

1566 

3 

2 

0.00003914 

3 

2.986 

22.55 

0.02856 

100 

1516 
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Variations of K p with Temperature 


16-53 


16-53C It enables us to determine the enthalpy of reaction h R from a knowledge of equilibrium constant K P . 


16-54C At 2000 K since combustion processes are exothermic, and exothermic reactions are more complete at lower 
temperatures. 


16-55 The h R value for the dissociation process O 2 <=> 20 at a specified temperature is to be determined using enthalpy and 
Kp data. 

Assumptions Both the reactants and products are ideal gases. 

Analysis ( a ) The dissociation equation of 0 2 can be expressed as 

0 2 <=> 20 

The h R of the dissociation process of 0 2 at 3 100 K is the amount of energy absorbed or released as one kmol of 0 2 
dissociates in a steady-flow combustion chamber at a temperature of 3100 K, and can be determined from 

h R (*/ + h - ) P - Z N « te +Tl ~ V l 

Assuming the 0 2 and O to be ideal gases, we have h = h ( T ). From the tables, 


Substance 

hf 

kj/kmol 

^298 K 

^2900 K 

kj/kmol 

kj/kmol 

O 

249,190 

6852 

65,520 

0 2 

0 

8682 

110,784 


Substituting, 


h R = 2(249,190 + 65,520 - 6852) - 1(0 + 1 10,784 - 8682) 

= 513,614 kj/kmol 

(b) The h R value at 3 100 K can be estimated by using K P values at 3000 K and 3200 K (the closest two temperatures to 
3 100 K for which K P data are available) from Table A-28, 


j n K P2 „ h R 


&P1 R-u 


K T 2 J 


or ln^ P2 - In K PX = 


h 


R 


R, 


\ 

V r i T 2 J 


-3.072-(-4.357) = 


h 


R 


8.3 14 kJ/kmol -K 

h R = 512,808 kj/kmol 


1 


1 


3000 K 3200 K 
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16-56 The h R at a specified temperature is to be determined using the enthalpy and K P data. 

Assumptions Both the reactants and products are ideal gases. 

Analysis ( a ) The complete combustion equation of CO can be expressed as 

co+|o 2 <=>co 2 

The h R of the combustion process of CO at 2200 K is the amount of energy released as one kmol of CO is burned in a 
steady-flow combustion chamber at a temperature of 2200 K, and can be determined from 

K = X N p(h} + h ~ h° ) p - £ N r (A) + A - h° f 

Assuming the CO, 0 2 and C0 2 to be ideal gases, we have h = h(T). From the tables, 


Substance 

hi 

kj/kmol 

^298K 

kj/kmol 

^2200 K 

kj/kmol 

C0 2 

-393,520 

9364 

112,939 

CO 

-110,530 

8669 

72,688 

0 2 

0 

8682 

75,484 


Substituting, 

h R = l(-393,520 + 112,939 - 9364) 
-1(-1 10,530 + 72,688 -8669) 
-0.5(0 + 75,484-8682) 

= -276,835 kj/kmol 


( b ) The h R value at 2200 K can be estimated by using K P values at 2000 K and 2400 K (the closest two temperatures to 
2200 K for which K P data are available) from Table A-28, 


ln*« 


h 


R 


Kp\ R u 


_l l_ 

V T \ T 2 J 


or In Kp 2 - In K P1 = 


h 


R 


PI 


R. 


J l 

K T \ T 2 J 


3.860-6.635 = 


h 


R 


1 


1 


8.3 14 kJ/kmol- K x 

h R = -276,856 kj/kmol 


2000 K 2400 K 
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16-57E The h R at a specified temperature is to be determined using the enthalpy and K P data. 

Assumptions Both the reactants and products are ideal gases. 

Analysis ( a ) The complete combustion equation of CO can be expressed as 

C0 + {0 2 <=>co 2 

The h R of the combustion process of CO at 3960 R is the amount of energy released as one kmol of H 2 is burned in a steady- 
flow combustion chamber at a temperature of 3960 R, and can be determined from 

K = X N p(h} + h - h° ) p ~ X N r (A) + A - h ° f 

Assuming the CO, 0 2 and C0 2 to be ideal gases, we have h = h (7). From the tables, 


Substance 

hi 

Btu/lbmol 

^537R 

Btu/lbmol 

^3960R 

Btu/lbmol 

C0 2 

-169,300 

4027.5 

48,647 

CO 

-47,540 

3725.1 

31,256.5 

0 2 

0 

3725.1 

32,440.5 


Substituting, 

h R = 1(-169,300 + 48,647 -4027.5) 

- 1(— 47,540 + 3 1,256.5 - 3725.1) 
-0.5(0 + 32,440.5-3725.1) 

= -119,030 Btu/lbmol 


(b) The h R value at 3960 R can be estimated by using K P values at 3600 R and 4320 R (the closest two temperatures to 3960 
R for which K P data are available) from Table A-28, 


\n Kp2 


h 


R 


Kp\ R u 


_l l_ 

V T \ T 2 J 


h R 

or \nKp 2 —\nK Pl = — 

R,. 


J l 

K T \ T 2 J 


3.860-6.635 = 


h 


R 


1.986 Btu/lbmol- R 


1 


1 


3600 R 4320 R 


h R =-119,041 Btu/lbmol 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 
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16-58 The K P value of the combustion process H 2 + l/20 2 <=> H 2 0 is to be determined at a specified temperature using h R 
data and K P value . 

Assumptions Both the reactants and products are ideal gases. 

Analysis The h R and K P data are related to each other by 


In 


Kpi 
K p\ 



or \nK P2 -\nK Pl 



The h R of the specified reaction at 3000 K is the amount of energy released as one kmol of H 2 is burned in a steady-flow 
combustion chamber at a temperature of 3000 K, and can be determined from 

h R =X Ar d / V +h ~ h °)p ~'Yj N r^ 1 } +h -h°) R 
Assuming the H 2 0, H 2 and 0 2 to be ideal gases, we have h = h (7). From the tables, 


Substance 

hi 

kJ/kmol 

^298 K 

kJ/kmol 

^3000K 

kJ/kmol 

h 2 o 

-241,820 

9904 

136,264 

h 2 

0 

8468 

97,211 

o 2 

0 

8682 

106,780 


Substituting, 

h R = l(-24 1,820 + 136,264 - 9904) 

-1(0 + 97,211-8468) 

-0.5(0 + 106,780-8682) 

= -253,250 kJ/kmol 

The K P value at 3200 K can be estimated from the equation above by using this h R value and the K P value at 2800 K which 
is In K PX = 3.8 12 or K PX = 45.24, 

, ^ -253,250 kJ/kmol f 1 1 3 

In (K P? / 45.24) = 

8.3 14 kJ/kmol • K v2800K 3200KJ 

In K P2 = 2.452 (Table A - 28 : ln7f P2 = 2.45 1) 

or 

K P2 = 11.6 
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16-59 The h R value for the dissociation process C0 2 <=> CO + l/20 2 at a specified temperature is to be determined using 
enthalpy and K p data. 

Assumptions Both the reactants and products are ideal gases. 

Analysis ( a ) The dissociation equation of C0 2 can be expressed as 
C0 2 «CO + \0 2 

The h R of the dissociation process of C0 2 at 2200 K is the amount of energy absorbed or released as one kmol of C0 2 
dissociates in a steady-flow combustion chamber at a temperature of 2200 K, and can be determined from 

K = X n p (a ; + h - h° ) p - £ Nr (a; +h-h°) R 

Assuming the CO, 0 2 and C0 2 to be ideal gases, we have h = h (7). From the tables, 


Substance 

hf 

kj/kmol 

^298 K 

kj/kmol 

^2200 K 

kj/kmol 

C0 2 

-393,520 

9364 

112,939 

CO 

-110,530 

8669 

72,688 

0 2 

0 

8682 

75,484 


Substituting, 

h R =1(-1 10,530 + 72,688 -8669) 

+ 0.5(0 + 75,484-8682) 

- 1( -393, 520 + 1 12,939 - 9364) 

= 276,835 kj/ kmol 


(b) The h R value at 2200 K can be estimated by using K P values at 2000 K and 2400 K (the closest two temperatures to 
2200 K for which K P data are available) from Table A-28, 


ln*« 


h 


R 


K 


p l 


R, 


I 1_ 

V 7 ! T 2 J 


h R 

or \wK P2 -\nK PX = — 

R,. 


1_± 

K T 1 T 2) 


- 3.860 - (-6.635) = 


h 


R 


8.314kJ/kmolK 

h R = 276,856 kj/kmol 


1 


1 


2000 K 2400 K 
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16-60 The enthalpy of reaction for the equilibrium reaction CH4 + 202 = C02 + 2H20 at 2000 K is to be estimated using 
enthalpy data and equilibrium constant, K p data. 

Analysis The K p value of a reaction at a specified temperature can be determined from the Gibbs function data using 
K p =e~ AGHT)IRJ or lnK p =-AG*(T)/R u T 

where 


AG*(T) - V , C02 g'c02(^) + V H20&H2o(^) V CH4^CH4 (T) V 02^02 (^) 

At T\ = 2000 - 10 = 1990 K: 

A G x * (T) = VcoiScoi^Ji ) + v H20^H2o(^i) _ v cmgcm(T\) ~ v oi £ 02 (^ 1 ) 

= 1(— 917,176) + 2(— 695,638) - 1(-559,718) - 2(-475,399) 

= -797,938 kJ/kmol 

Atr 2 = 2000+ 10 = 2010 K: 

A G 2 * (T) = ^002 £ C02 (^2 ) + ^ / H20* H20 (^2 ) “ V CH4£CH4 (Tl ) “ V OlSoi^l) 

= 1( — 923,358) + 2(-700,929) - 1(-565,835) - 2(-480,771) 

= -797,839 kJ/kmol 

The Gibbs functions are obtained from enthalpy and entropy properties using EES. Substituting, 


K p i = exp 


K p 2 = exp 


-797,938 kJ/kmol 
(8.314 kJ/kmol -K)(1990K) 

-797,839 kJ/kmol 
(8.3 14 kJ/kmol -K)(2010K) 


= 8.820x10 


20 


= 5.426x10 


20 


The enthalpy of reaction is determined by using the integrated van't Hoff equation: 
In 


[ Kp2 \ 

_ h R 

' l 

l N 


R u 

W 



In 


' 5.426 xlO 20 '' 

_ h R 

r i i ^ 

v 8.820 x 10 20 j 

8.314 kJ/kmol.K 

[l990K 2010 K J 


>h R =-807,752 kJ/kmol 


The enthalpy of reaction can also be determined from an energy balance to be 


h R - H P H R 


where 


Hr -1^ch4@2000k + 2^02 @ 2000 k - 48,947 + 2(59,193) - 167,333 kJ/kmol 
H P = l/*co2 @ 2000 k + 2 ^h 20 @20ook = (-302,094) + 2(-169, 162) = -640,419 kJ/kmol 

The enthalpies are obtained from EES. Substituting, 

h R =H P -H r =(-640,419) -(167,333) = -807,752 kJ/kmol 
which is identical to the value obtained using K p data. 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



Phase Equilibrium 


16-59 


16-61C No. Because the specific gibbs function of each phase will not be affected by this process; i.e., we will still have 

<§/ ~~ Sg- 


16-62C Yes. Because the number of independent variables for a two-phase (PH=2), two-component (C= 2) mixture is, 
from the phase rule, 

IV = C - PH + 2 = 2~2 + 2 = 2 

Therefore, two properties can be changed independently for this mixture. In other words, we can hold the temperature 
constant and vary the pressure and still be in the two-phase region. Notice that if we had a single component (C=l) two 
phase system, we would have IV=1, which means that fixing one independent property automatically fixes all the other 
properties. 


11-63C Using solubility data of a solid in a specified liquid, the mass fraction w of the solid A in the liquid at the interface 
at a specified temperature can be determined from 

mf A = 

^solid ^liquid 

where m so j id is the maximum amount of solid dissolved in the liquid of mass m liquid at the specified temperature. 


11-64C The molar concentration Q of the gas species i in the solid at the interface Q so iid side (0) is proportional to the partial 
pressure of the species i in the gas P u gas s idc(0) on the gas side of the interface, and is determined from 

^i, solid side (^) — ^ X ^i, gas side (^) (kmol/m ) 

where S is the solubility of the gas in that solid at the specified temperature. 


11-65C Using Henry’s constant data for a gas dissolved in a liquid, the mole fraction of the gas dissolved in the liquid at the 
interface at a specified temperature can be determined from Henry’s law expressed as 

//y. _ -^i, gas sideW 
Ti, liquid side — ^ 

where H is Henry ’s constant and P\^ s idc(0) is the partial pressure of the gas i at the gas side of the interface. This relation 
is applicable for dilute solutions (gases that are weakly soluble in liquids). 
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16-66E The maximum partial pressure of the water evaporated into the air as it emerges from a porous media is to be 
determined. 

Assumptions The air and water-air solution behave as ideal solutions so that Raoult’s law may be used. 

Analysis The saturation temperature of water at 70°F is 
P >at@70°F = 0-36334 psia 

Since the mole fraction of the air in the liquid water is essentially zero, 

^v,max =l x ^sat@ 7 o°F =0.36334 psia 


16-67 The number of independent properties needed to fix the state of a mixture of oxygen and nitrogen in the gas phase is 
to be determined. 

Analysis In this case the number of components is C = 2 and the number of phases is PH = 1 . Then the number of 
independent variables is determined from the phase rule to be 

IV = C - PH + 2 = 2- l+ 2 = 3 

Therefore, three independent properties need to be specified to fix the state. They can be temperature, the pressure, and the 
mole fraction of one of the gases. 


16-68 It is to be shown that a saturated liquid-vapor mixture of refrigerant- 134a at -20°C satisfies the criterion for phase 
equilibrium. 

Analysis Using the definition of Gibbs function and enthalpy and entropy data from Table A-l 1, 
g f = h f - Ts f = (25.49 kJ/kg) - (253.15 K)(0. 10463 kJ/kg • K) = -0.9967 kJ/kg 
= h g - Ts g = (238.41 kJ/kg) - (253.15 K)(0.94564 kJ/kg • K) = -0.9842 kJ/kg 

which are sufficiently close. Therefore, the criterion for phase equilibrium is satisfied. 


16-69 It is to be shown that a mixture of saturated liquid water and saturated water vapor at 300 kPa satisfies the criterion 
for phase equilibrium. 

Analysis The saturation temperature at 300 kPa is 406.7 K. Using the definition of Gibbs function and enthalpy and entropy 
data from Table A-5, 

g f =h f — Ts f = (561 .43 kJ/kg) - (406.7 K)( 1.67 17 kJ/kg • K) = -1 18.5 kJ/kg 
zz h g ~Ts g = (2724.9 kJ/kg) - (406.7 K)(6.99 17 kJ/kg -K) = -11 8.6 kJ/kg 

which are practically same. Therefore, the criterion for phase equilibrium is satisfied. 
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16-70 The values of the Gibbs function for saturated refrigerant- 1 34a at 280 kPa are to be calculated. 

Analysis The saturation temperature of R- 134a at 280 kPa is — 1.25°C (Table A- 12). Obtaining other properties from Table 
A- 12, the Gibbs function for the liquid phase is, 

g f =h f -Ts f =50.\% kJ/kg - (-1 .25 + 273. 1 5 K)(0. 19829 kJ/kg ■ K) = -3.74 kJ/kg 
For the vapor phase, 

— Ts „ = 249.72 kJ/kg - (-1.25 + 273.15 K)(0.932 10 kJ/kg • K) = -3.72 kJ/kg 

o o o 

The results agree and demonstrate that phase equilibrium exists. 


R-134a 
280 kPa 
x = 0.7 


16-71E The values of the Gibbs function for saturated steam at 300°F as a saturated liquid, saturated vapor, and a mixture 
of liquid and vapor are to be calculated. 

Analysis Obtaining properties from Table A-4E, the Gibbs function for the liquid phase is, 

g f =h f -Ts f = 269.73 Btu/lbm- (759.67 R)(0.43720 Btu/lbm • R) = -62.40 Btu/lbm 

For the vapor phase, 

g g =h g -Ts g = 1180.0 Btu/lbm- (759.67 R)(1.6354 Btu/lbm- R) = -62.36 Btu/lbm 

For the saturated mixture with a quality of 60%, 

h = h f +xh fg = 269.73 Btu/lbm + (0.60)(9 10.24 Btu/lbm) = 815.87 Btu/lbm 
5 = s f + xs fg = 0.43720 Btu/lbm • R + (0.60)(1 . 19818 Btu/lbm - R) = 1.1561 Btu/lbm • R 
g = h-Ts = 815.87 Btu/lbm -(759.67 R)(l. 1561 Btu/lbm -R) = -62.38 Btu/lbm 

The results agree and demonstrate that phase equilibrium exists. 


Steam 

300°F 


16-72 A liquid-vapor mixture of ammonia and water in equilibrium at a specified temperature is considered. The pressure of 
ammonia is to be determined for two compositions of the liquid phase. 

Assumptions The mixture is ideal and thus Raoulf s law is applicable. 

Analysis According to Raoults’s law, when the mole fraction of the 
ammonia liquid is 20%, 

^NH3 = T/,NH3^sat,NH3 (O = 0.20(615.3 kPa) = 123.1 kPa 
When the mole fraction of the ammonia liquid is 80%, 

^nh 3 = T/,NH 3 ^sat,NH 3 CO = 0.80(615.3 kPa) = 492.2 kPa 
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16-73 Using the liquid-vapor equilibrium diagram of an oxygen-nitrogen mixture, the composition of each phase at a 
specified temperature and pressure is to be determined. 

Analysis From the equilibrium diagram (Fig. 16-21) we read 


Liquid: 

65% N 2 

and 

35% O 

Vapor: 

90% N 2 

and 

10%O 


16-74 Using the liquid-vapor equilibrium diagram of an oxygen-nitrogen mixture at a specified pressure, the temperature is 
to be determined for a specified composition of the vapor phase. 

Analysis From the equilibrium diagram (Fig. 16-21) we read T= 82 K. 


16-75 Using the liquid-vapor equilibrium diagram of an oxygen-nitrogen mixture at a specified pressure, the temperature is 
to be determined for a specified composition of the nitrogen. 

Properties The molar masses of O 2 is 32 kg/kmol and that of N 2 is 28 kg/kmol (Table A-l). 

Analysis For 100 kg of liquid phase, the mole numbers are 

40 kg 


m 


N 


/, 02 


/, 02 


M 


N 


m 


02 


f, N2 


/,N2 


M 


N2 


32 kg/kmol 
60 kg 

28 kg/kmol 


= 1 .25 kmol 


= 2.143 kmol 


A/- total = 1 .25 + 2. 143 = 3.393 kmol 


The mole fractions in the liquid phase are 

1.25 kmol 


y i, 02 


y /,N2 


n f, 02 

Nf, total 
^/■N2 
N f, total 


3.393 kmol 
2.143 kmol 


= 0.3684 


= 0.6316 


3.393 kmol 

From the equilibrium diagram (Fig. 16-21) we read T= 80.5 K. 
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16-76 Using the liquid-vapor equilibrium diagram of an oxygen-nitrogen mixture at a specified pressure, the mass of the 
oxygen in the liquid and gaseous phases is to be determined for a specified composition of the mixture. 

Properties The molar masses of 0 2 is 32 kg/kmol and that of N 2 is 28 kg/kmol (Table A-l). 

Analysis From the equilibrium diagram (Fig. 16-21) at T= 84 K, the oxygen mole fraction in the vapor phase is 34% and 
that in the liquid phase is 70%. That is, 

.>7,02 = 0-70 and y g , 02 = °- 34 

The mole numbers are 



m 02 
M 02 





30 kg 

32 kg/kmol 
40 kg 

28 kg/kmol 


0.9375 kmol 
1.429 kmol 


A total = 0.9375 + 1 .429 = 2.366 kmol 


The total number of moles in this system is 


N f + N g =2.366 (1) 


The total number of moles of oxygen in this system is 
0.7 N f + 0.34 N g = 0.9375 (2) 


Solving equations (1) and (2) simultneously, we obtain 
N f = 0.3696 
N g = 1.996 


Then, the mass of oxygen in the liquid and vapor phases is 

m f , 02 - y f,02^ fM 02 = (0.7)(0.3696 kmol)(32 kg/kmol) = 8.28 kg 
m g02 = y g , Q2 N g M 02 = (0.34)(1 .996 kmol)(32 kg/kmol) = 21 .72 kg 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



16-64 


16-77 Using the liquid-vapor equilibrium diagram of an oxygen-nitrogen mixture at a specified pressure, the total mass of 
the liquid phase is to be determined. 

Properties The molar masses of 0 2 is 32 kg/kmol and that of N 2 is 28 kg/kmol (Table A-l). 

Analysis From the equilibrium diagram (Fig. 16-21) at T= 84 K, the oxygen mole fraction in the vapor phase is 34% and 
that in the liquid phase is 70%. That is, 

.> 7,02 =0-70 and y g , 02 = °- 34 


Also, 


y/,m = 0.30 and J g , N2 = 0.66 
The mole numbers are 

30 kg 


*02 = 


m 


02 


M 02 32 kg/kmol 


_ m N2 40 kg 

iV N2 “ 


M m 28 kg/kmol 


= 0.9375 kmol 


= 1.429 kmol 


/V total = 0.9375 + 1 .429 = 2.366 kmol 


The total number of moles in this system is 

N f +N g = 2.366 (1) 

The total number of moles of oxygen in this system is 


0J N f + 0.34A ? = 0.9375 (2) 

Solving equations (1) and (2) simultneously, we obtain 


N f = 0.3696 
N g =1.996 

The total mass of liquid in the mixture is then 

m f, total = m f, 02 + m f, 02 

= y f ,02 N qi + y f,mN /Mm 

= (0.7)(0.3696 kmol)(32 kg/kmol) + (0.3)(0.3696 kmol)(28 kg/kmol) 

= 11.38 kg 
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16-78 A rubber wall separates 0 2 and N 2 gases. The molar concentrations of 0 2 and N 2 in the wall are to be determined. 
Assumptions The 0 2 and N 2 gases are in phase equilibrium with the rubber wall. 


Properties The molar mass of oxygen and nitrogen are 32.0 and 28.0 kg/kmol, respectively (Table A-l). The solubility of 
oxygen and nitrogen in rubber at 298 K are 0.00312 and 0.00156 kmol/m 3 -bar, respectively (Table 16-3). 


Analysis Noting that 300 kPa = 3 bar, the molar densities of oxygen 
and nitrogen in the rubber wall are determined to be 

0) 2 ’ s °lid side (0) — S X Pq 2 ? g as side 

= (0.003 12 kmol/m 3 .bar) (3 bar) 

= 0.00936 kmol/m 3 

^N 2 , solid side O) — S X 2 , g as side 

= (0.00156 kmol/m 3 . bar )(3 bar) 

= 0.00468 kmol/m 3 


0 2 
25°C 
300 kPa 


Rubber 

plate 


Co2 

Cn2 


n 2 

25°C 
300 kPa 


That is, there will be 0.00936 kmol of 0 2 and 0.00468 kmol 


of N 2 gas in each m 3 volume of the rubber wall. 


16-79 A liquid-vapor mixture of ammonia and water in equilibrium at a specified temperature is considered. The 
composition of the vapor phase is given. The composition of the liquid phase is to be determined. 

Assumptions The mixture is ideal and thus Raoult’s law is applicable. 

Properties At 50°C, P satH ^ 0 = 12.352 kPa and P sat NH = 2033.5 kPa. 

Analysis We have = l 0// ° an d y gf tm 3 = 99% . For an ideal two-phase mixture we have 


y g ,H 2 0^m = y f, H 2 0^sat,H 2 oCO 
Tg,NH 3 ^w = T/,NH 3 ^at,NH 3 CT) 
T/,H 2 0 + T/,NH 3 = 1 

Solving for y / H2 o, 


_ y g , H 7 o^sat,NH 3 n , _ (0.01X2033.5 kPa) n 

T/,H 2 0 “ D y [ T/,H 2 o)- /nnnvm^i,D n \ y f& 2 o) 


y g , NH 3 ^sat,H 2 0 


(0.99)(12.352 kPa) 


It yields 


T/,h 2 o -0.624 and T/,nh 3 -0.376 


h 2 o + nh 3 

50°C 
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16-80 A mixture of water and ammonia is considered. The mole fractions of the ammonia in the liquid and vapor phases are 
to be determined. 

Assumptions The mixture is ideal and thus Raoult’s law is applicable. 

Properties At 25°C, P sat> H 20 = 3.1698 kPa and P sat N H 3 = 1003.5 kPa (Tables A-4). 


Analysis According to Raoults’s law, the partial pressures of 
ammonia and water in the vapor phase are given by 




N f, NH3 

^7, NH3 + ^ f, H20 
^/,H20 

^ f, H20 + H20 


(1003.5 kPa) 
(3.1698kPa) 


H 2 0 + NH 3 
100 kPa, 25°C 


The sum of these two partial pressures must equal the total pressure of the vapor mixture. In terms of x = 
is 

1003.5 3.1698x ^ 

+ = 100 

x + 1 x + 1 

Solving this expression for x gives 

x = 9.33 1 kmol H20/kmol NH3 
In the vapor phase, the partial pressure of the ammonia vapor is 

1003.5 1003.5 


-fy/,H2Q 

N f\ NH3 


, this sum 


P. 


g, NH3 


x + 1 9.331 + 1 


= 97.13 kPa 


The mole fraction of ammonia in the vapor phase is then 

0.971 3 

P 100kPa 
According to Raoult’s law, 

, ,5iEL = 9713kPa .0.0968 

^sat,NH3 1003.5 kPa 
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16-81 An ammonia-water absorption refrigeration unit is considered. The operating pressures in the generator and absorber, 
and the mole fractions of the ammonia in the strong liquid mixture being pumped from the absorber and the weak liquid 
solution being drained from the generator are to be determined. 

Assumptions The mixture is ideal and thus Raoult’s law is applicable. 

Properties AX 0°C, P sat H2 o = 0.61 12 kPa and at 46°C, P sat H20 = 10.10 kPa (Table A-4). The saturation pressures of 
ammonia at the same temperatures are given to be 430.6 kPa and 1830.2 kPa, respectively. 

Analysis According to Raoults’s law, the partial pressures of ammonia and water are given by 

^g,NH3 “ T/,NH3^sat,NH3 

^g,H20 = y_f, H20^sat,H20 = “ T/,NH3 )^sat,H20 


Using Dalton’s partial pressure model for ideal gas mixtures, the mole fraction of the ammonia in the vapor mixture is 


Tg,NH3 


0.96 


T/,NH3^sat,NH3 


T/,NH3^sat,NH3 + 0- ~ T/,NH3^sat,H20 ) 

430. 6yy NH3 

430. 6yy NH3 +0.61 12(1- yy NH3 ) 


> T/,NH3 


= 0.03294 


Then, 

P = y f, NH3^sat,NH3 + 0- ~ T/,NH3 )^sat,H20 

= (0.03294)(430.6) + (1 - 0.03294)(0.61 12) = 1 4.78 kPa 


Performing the similar calculations for the regenerator, 

1830.2yy NH3 


0.96 = 


y /,NH3 


1 830.2y /?NH3 + 10.1 0(1 -y /?NH3 ) 

P = (0. 1 1 70)(1 830.2) + (1-0.11 70)(1 0. 1 0) = 223.1 kPa 


= 0.1170 
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16-82 An ammonia-water absorption refrigeration unit is considered. The operating pressures in the generator and absorber, 
and the mole fractions of the ammonia in the strong liquid mixture being pumped from the absorber and the weak liquid 
solution being drained from the generator are to be determined. 

Assumptions The mixture is ideal and thus Raoult’s law is applicable. 

Properties At 6°C, P sat H2 o = 0.9353 kPa and at 40°C, P sat H20 = 7.3851 kPa (Table A-4 or EES). The saturation pressures 
of ammonia at the same temperatures are given to be 534.8 kPa and 1556.7 kPa, respectively. 

Analysis According to Raoults’s law, the partial pressures of ammonia and water are given by 

^g,NH3 “ y f, NH3-^sat,NH3 

^g,H20 = y_f, H20^sat,H20 = “ T/,NH3 )^sat,H20 


Using Dalton’s partial pressure model for ideal gas mixtures, the mole fraction of the ammonia in the vapor mixture is 


Tg,NH3 

0.96 


T/, NH3^sat,NH3 

T/,NH3^sat,NH3 + 0- ~ T/,NH3^sat,H20 

534.8yy.NH3 

534.8yy NH3 + 0.9353(1 - y y jNH3 ) 


) 


> T/,NH3 


= 0.04028 


Then, 

P = y f, NH3^sat,NH3 + 0 _ T/, NH3 )Aat,H20 

= (0.04028)(534.8) + (1 - 0.04028)(0.9353) = 22.44 kPa 


Performing the similar calculations for the regenerator, 

1556.7y./\ NH3 


0.96 = 


y /,NH3 


1556.7yy jNH3 + 7.3851(1 y ^ nh 3 ) 

P = (0. 1 022)(1 556.7) + (1-0.1 022)(7.3 85 1) = 1 65.7 kPa 


0.1022 
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16-83 A liquid mixture of water and R-134a is considered. The mole fraction of the water and R-134a vapor are to be 
determined. 


Assumptions The mixture is ideal and thus Raoult’s law is applicable. 


Properties At 20°C, P sa t H20 = 2.3392 kPa and P sat R = 572.07 kPa (Tables A-4, A-l 1). The molar masses of water and R- 
134a are 18.015 and 102.03 kg/kmol, respectively (Table A-l). 


Analysis The mole fraction of the water in the liquid mixture is 


T/,H 20 


Nf, mo _ m f/,H2o/^H20 

^ total ( m f/,H 20 ! ) + (mf f K / M r ) 


0.9/18.015 

(0.9/ 18.01 5) + (0.1/ 102.03) 


0.9808 


H 2 0 + R-134a 
20°C 


According to Raoults’s law, the partial pressures of R- 134a and water in the vapor mixture are 
P gR =y /R P satR = (1 - 0.9808)(572.07 kPa) = 1 0.98 kPa 

P g ,mo =T/,H 20 ^sat,H 20 = (0.9808)(2.3392 kPa) = 2.294 kPa 

The total pressure of the vapor mixture is then 

^totai +^ g ,H 20 =10.98 + 2.294 = 13.274 kPa 


Based on Dalton’s partial pressure model for ideal gases, the mole fractions in the vapor phase are 


Tg,H20 


P gM2Q 

p 

1 total 


2 - 294kPa =0.1728 

13.274 kPa 


■ ^L. 1098kPa =0.8272 

P„„ 13.274 kPa 
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16-84 A glass of water is left in a room. The mole fraction of the water vapor in the air and the mole fraction of air in the 
water are to be determined when the water and the air are in thermal and phase equilibrium. 

Assumptions 1 Both the air and water vapor are ideal gases. 2 Air is saturated since the humidity is 100 percent. 3 Air is 
weakly soluble in water and thus Henry’s law is applicable. 

Properties The saturation pressure of water at 27°C is 3.568 kPa (Table A-4). Henry’s constant for air dissolved in water at 
27°C (300 K) is given in Table 16-2 to be H= 74,000 bar. Molar masses of dry air and water are 29 and 18 kg/kmol, 
respectively (Table A-l). 

Analysis (< a ) Noting that air is saturated, the partial pressure of water vapor in the air will simply be the saturation pressure 
of water at 27°C, 


T-apor = Tat@27°C = 3 ' 568 kPa ( Table A ' 4 ) 


Assuming both the air and vapor to be ideal gases, the mole fraction of 
water vapor in the air is determined to be 


R 


y 


vapor 


vapor 


3.568 kPa 
92 kPa 


= 0.0388 


(b) Noting that the total pressure is 92 kPa, the partial pressure of dry air is 
P d ry air = P ~ P v apor = 92 - 3.568 = 88.43 kPa = 0.8843 bar 

From Henry’s law, the mole fraction of air in the water is determined to be 

^dry air, gas side 0.8843 bar 


y dry air, liquid side 


H 


74,000 bar 


= 1.20 xlO 


Air 
27°C 
92 kPa 
(f)= 100% 



Water 

27°C 



Discussion The amount of air dissolved in water is very small, as expected. 
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16-85 A carbonated drink in a bottle is considered. Assuming the gas space above the liquid consists of a saturated mixture 
of CO 2 and water vapor and treating the drink as a water, determine the mole fraction of the water vapor in the C0 2 gas and 
the mass of dissolved C0 2 in a 300 ml drink are to be determined when the water and the C0 2 gas are in thermal and phase 
equilibrium. 

Assumptions 1 The liquid drink can be treated as water. 2 Both the C0 2 and the water vapor are ideal gases. 3 The C0 2 gas 
and water vapor in the bottle from a saturated mixture. 4 The C0 2 is weakly soluble in water and thus Henry’s law is 
applicable. 

Properties The saturation pressure of water at 27°C is 3.568 kPa (Table A-4). Henry’s constant for C0 2 dissolved in water 
at 27°C (300 K) is given in Table 16-2 to be H = 1710 bar. Molar masses of C0 2 and water are 44 and 18 kg/kmol, 
respectively (Table A-l). 

Analysis (< a ) Noting that the C0 2 gas in the bottle is saturated, the partial pressure of water vapor in the air will simply be 
the saturation pressure of water at 27°C, 

-^vapor = ^sat @ 27°C = 3.568 kPa (more accurate EES value compared to interpolation value from Table A-4) 


Assuming both C0 2 and vapor to be ideal gases, the mole fraction of water vapor in the C0 2 gas becomes 


y 


vapor 


vapor 

~i P ”” 


3.568 kPa 
130 kPa 


= 0.0274 


(b) Noting that the total pressure is 130 kPa, the partial pressure of C0 2 is 


P COi gas = p - p v apor = 130-3.568 = 126.4 kPa = 1.264 bar 

From Henry’s law, the mole fraction of C0 2 in the drink is determined to be 

^co 7 , gas side 1.264 bar 


Tc 0 2 , liquid side 


H 


1710 bar 


= 7.39 x 10 


Then the mole fraction of water in the drink becomes 


>-4 


y water, liquid side ^ Tc0 2 , liquid side ^ 7.39x 10 0.9993 

The mass and mole fractions of a mixture are related to each other by 

M: 


mf,=^ N ' M ' 


ni M M 

" l m 1 v m lvJ m 


= y t 


M 


m 


where the apparent molar mass of the drink (liquid water - C0 2 mixture) is 


M m = Ys y < Mi = ^ liquid 


M. 


+ y co „ M COi = 0.9993 x 1 8.0 + ( 7.3 9 x 1 0~ 4 ) x 44 = 1 8.02 kg / kmol 


water water 


Then the mass fraction of dissolved C0 2 gas in liquid water becomes 


M 


44 

m f CO 2 , liquid side = T CO 2 , liquid side (0) -=7.39x10 =0.00180 


C0 2 

— — = /.JVX1U 

M„ 18.02 


m 


Therefore, the mass of dissolved C0 2 in a 300 ml « 300 g drink is 
m co, = mf'co, m m = (0. 001 80)(300g) =0.54 g 
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Review Problems 

16-86 The equilibrium constant of the dissociation process O 2 <-» 20 is given in Table A-28 at different temperatures. The 
value at a given temperature is to be verified using Gibbs function data. 

Analysis The K P value of a reaction at a specified temperature can be determined from the Gibbs function data using 
K p = e - AG *W /R J or In K p = -A G*(T)/R U T 

where 

AG * (T) = v Q g* 0 (T) - v 0i g* 0i (T) 

= v 0 (h-Ts) 0 -Vo 2 ( h -TT) 0l 

= V 0 [{hf +^2000 — ^ 298 ) — ~ V 0 2 [ 0 / + ^2000 _ ^ 298 ) 

= 2 x (249,190 + 42,564 - 6852 - 2000 x 201.135) 

- 1 x (0 + 67,881 - 8682 - 2000 x 268.655) 

= 243,375 kJ/kmol 

Substituting, 

In K p = -(243,375 kJ/kmol)/[(8.3 14 kJ/kmol- K)(2000K)] = -14.636 
or 

K p = 4.4 x 10" 7 (Table A-28: In K P = -14.622) 


0 2 <-» 20 
2000 K 


16-87 A mixture of H 2 and Ar is heated is heated until 10% of H 2 is dissociated. The final temperature of mixture is to be 
determined. 

Assumptions 1 The constituents of the mixture are ideal gases. 2 Ar in the mixture remains an inert gas. 

Analysis The stoichiometric and actual reactions can be written as 
Stoichiometric: H 2 « 2H (thus v H =1 and v H =2) 


Actual: 


H 2 + Ar 


>0.2H + 0.90H 2 + Ar 

inert 


prod react. 

The equilibrium constant K P can be determined from 


K 

K P - — 


N 


U 2 


H- 


p 

Hi v h 2 q 2 2 

r i ^ 

v N total y 

“ 0.9 

to.9 + 0.2 + lJ 



= 0.021 16 


and 

lnK p =-3.855 

From Table A-28, the temperature corresponding to this K P value is T= 2974 K. 
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16-88 The equilibrium constant for the reaction CH 4 + 2 O 2 <=> CO 2 + 2H 2 0 at 100 kPa and 2000 K is to be determined. 
Assumptions 1 The constituents of the mixture are ideal gases. 

Analysis This is a simultaneous reaction. We can begin with the dissociation of methane and carbon dioxide, 

CH 4 <=> C + 2H-, K P = e~ 9 ' 685 

C + 0 2 ^>C0 2 K P = e 15 - 869 

When these two reactions are summed and the common carbon term 
cancelled, the result is 

CH 4 +0 2 oCO, +2H 2 Kp =e (l5 ' 869_9 ' 685) =e 6184 

Next, we include the water dissociation reaction (Table A-28), 

2H 2 +0 2 <=> 2H 2 0 K P = e 2(3 086) = e 6172 

which when summed with the previous reaction and the common hydrogen term is cancelled yields 
CH 4 +20 2 <=> CO 2 + 2H 2 0 Kp = e 6184 + 6172 _ g 12 -356 

Then, 

In K P = 12.356 
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16-89 A mixture of H 2 0, O 2 , and N 2 is heated to a high temperature at a constant pressure. The equilibrium composition is 
to be determined. 

Assumptions 1 The equilibrium composition consists of H 2 0, 0 2 , N 2 and H 2 . 2 The constituents of the mixture are ideal 
gases. 

Analysis The stoichiometric and actual reactions in this case are 
Stoichiometric: H 2 0<=>H 2 +-y0 2 (thus v H0 = l,v H = 1, and v 0 = -j) 

Actual: H 2 0 + 20 2 +5N 2 > xH 2 O + yH 2 + z O 2 + 5N 2 

react. products inert 

H balance: 2 = 2x + 2y > y = 1-x 



O balance: 5 = x + 2z »z = 2.5-0.5x 


Total number of moles: A total = * + T + ^ + 5 = 8.5 - 0.5x 

The equilibrium constant relation can be expressed as 


N Vii 2 ] y v 02 f n '\(»'h 2 -»'o2- v h 2 o) os/ 


K P = 


H- 


o 


N v * 2 ° 
h 2 o 


p 


V ^total J 


y 

z °.5 


X 


P 


\ 1+0. 5-1 


N t 


From Table A-28, In K P = -6.768 at 2200 K. Thus K P = 0.001 15. Substituting, 

0.5 / c \ 0.5 


0.001 15 = 


(l-x)(1.5-0.5x) 


x 


8.5-0.5x 


Solving for x, 

x — 0.998 1 

Then, 

y= 1 - x = 0.0019 
z = 2.5 -0.5x = 2.00095 

Therefore, the equilibrium composition of the mixture at 2200 K and 5 atm is 


0.9981H 2 0 + 0.0019H 2 + 2.000950 2 +5N 2 

The equilibrium constant for the reaction H 2 0 <=> OH +y H 2 is In K P = -7.148, which is very close to the K P value of the 
reaction considered. Therefore, it is not realistic to assume that no OH will be present in equilibrium mixture. 
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16-90 Methane gas is burned with stoichiometric amount of air during a combustion process. The equilibrium 
composition and the exit temperature are to be determined. 

Assumptions 1 The product gases consist of C0 2 , H 2 0, CO, N 2 , and 0 2 . 2 The constituents of the mixture are ideal gases. 
3 This is an adiabatic and steady-flow combustion process. 

Analysis (a) The combustion equation of CH 4 with stoichiometric amount of 0 2 can be written as 

> xC0 2 + (1 - x)CO + (0.5 - 0.5x)O 2 + 2H 2 0 + 7.52N 2 


CH 4 + 2(0 2 + 3.76N 2 ) - 

After combustion, there will be no CH 4 present in the combustion chamber, and H?0 will act like an inert gas. The 
equilibrium equation among C0 2 , CO, and 0 2 can be expressed as 

C0 2 oC0 + }0 2 (thus v COi =1, v co =1, and Vq 2 =© 

\( v 'CO +l/ 02 ~ V C02^ 


A[ v co Af v °' 
iV CO iV 0 


and 


K P = 


N Vc ° 2 

iV CO, 


p 


V ^total J 


where A total = x + (l-x) + (1.5 - 0.5x) + 2 + 7.52 = 12.02 - 0.5x 
Substituting, 


K p = 


(1 -x)(0.5 -0.5x) 


0.5 


X 


1 


1.5-1 


25°C 


Air 
25°C 


12.02 -0.5x 


| | 

Combustion 
chamber 

1 atm 

1 


CO 

co 2 

H?0 

0 2 

n 2 


The value of K P depends on temperature of the products, which is yet to be determined. A second relation to determine K P 
and x is obtained from the steady-flow energy balance expressed as 

0 = £ N P (h} + h -h°) p - £ N r (a; + h -h° l — > 0 = X N P (a; + A - A ° ) p -X N A}r 

since the combustion is adiabatic and the reactants enter the combustion chamber at 25°C. Assuming the air and the 
combustion products to be ideal gases, we have h = h ( T ). From the tables, 


Substance 

h f , kj/kmol 

h 298 K 9 kj/kmol 

CH 4 (g) 

-74,850 

— 

n 2 

0 

8669 

o 2 

0 

8682 

H 2 0(g) 

-241,820 

9904 

CO 

-110,530 

8669 

co 2 

Substituting, 

-393,520 

9364 


0 = x(-393,520 + h co , - 9364) + (1 - x)(-l 10,530 + h co - 8669) 

+ 2(-241,820 + Vo -9904) + (0.5-0.5x)(0 + -8682) 

+ 7.52(0 + V - 8669) - 1(-74,850 + h m - h 29 8 ) - 0 - 0 

which yields 

xh c 0i +(l-x)/z co + 2 / z Ho0 +( 0 . 5 - 0 . 5 x )/ zq 2 + 7.52 /z N ^ -279,344x = 617,329 

Now we have two equations with two unknowns, T P and x. The solution is obtained by trial and error by assuming a 
temperature T P , calculating the equilibrium composition from the first equation, and then checking to see if the second 
equation is satisfied. A first guess is obtained by assuming there is no CO in the products, i.e., x = 1. It yields T P = 2328 K. 
The adiabatic combustion temperature with incomplete combustion will be less. 

Take T p =2300 K » In K p = -4.49 > x = 0.870 » RHS = 641,093 

Take T p = 2250 K » In K p =-4.805 > x = 0.893 > RHS = 6 12,755 

By interpolation, T p - 2258 K and x = 0.889 

Thus the composition of the equilibrium mixture is 

0.889CO 2 +0.111CO + 0.05550 2 +2H 2 0 + 7.52N 2 
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16-76 


16-91 



Problem 16-90 is reconsidered. The effect of excess air on the equilibrium composition and the exit 


temperature by varying the percent excess air from 0 to 200 percent is to be studied. 
Analysis The problem is solved using EES, and the solution is given below. 


"Often, for nonlinear problems such as this one, good gusses are required to start the solution. First, run the 
program with zero percent excess air to determine the net heat transfer as a function of T_prod. Just press F3 or 
click on the Solve Table icon. From Plot Window 1 , where Q_net is plotted vs T_prod, determnine the value of 
T_prod for Q_net=0 by holding down the Shift key and move the cross hairs by moving the mouse. Q_net is 
approximately zero at T_prod = 2269 K. From Plot Window 2 at T_prod = 2269 K, a, b, and c are approximately 
0.89, 0.10, and 0.056, respectively." "For EES to calculate a, b, c, and T_prod directly for the adiabatic case, 
remove the '{ }' in the last line of this window to set Q_net = 0.0. Then from the Options menu select Variable 
Info and set the Guess Values of a, b, c, and T_prod to the guess values selected from the Plot Windows. Then 
press F2 or click on the Calculator icon." 

"Input Data" 

{PercentEx = 0} 

Ex = PercentEX/1 00 
P_prod =101.3 [kPa] 

R_u=8.314 [kJ/kmol-K] 

T_fuel=298 [K] 

T_air=298 [K] 

"The combustion equation of CH4 with stoichiometric amount of air is 
CH4 + (1+Ex)(2)(02 + 3.76N2)=C02 +2H20+(1+Ex)(2)(3.76)N2" 

"For the incomplete combustion process in this problem, the combustion equation is 
CH4 + (1+Ex)(2)(02 + 3.76N2)=aC02 +bCO + c02+2H20+(1+Ex)(2)(3.76)N2" 

"Specie balance equations" 

"O" 

4=a *2+b +c *2+2 
"C" 

1=a +b 

N_tot =a +b +c +2+(1+Ex)*(2)*3.76 "Total kilomoles of products at equilibrium" 

"We assume the equilibrium reaction is 
002=00+0.502" 

"The following equations provide the specific Gibbs function (g=h-Ts) for 
each component as a function of its temperature at 1 atm pressure, 101.3 kPa" 
g_C02=Enthalpy(C02,T=T_prod )-T_prod *Entropy(C02,T=T_prod ,P=1 01 .3) 
g_CO=Enthalpy(CO,T=T_prod )-T_prod *Entropy(CO,T=T_prod ,P=1 01 .3) 
g_02=Enthalpy(02,T=T_prod )-T_prod *Entropy(02,T=T_prod ,P=101.3) 

"The standard-state Gibbs function is" 

DELTAG =1 *g_CO+0.5*g_O2-1 *g_C02 
"The equilibrium constant is given by Eq. 16-14." 

K_P = exp(-DELTAG /(R_u*T_prod )) 

P=P_prod /101.3"atm" 

"The equilibrium constant is also given by Eq. 16-15." 

"K_ P = (P/N_tot) A (1 +0.5-1 )*(b A 1 *c A 0.5)/(a A 1 )" 
sqrt(P/N_tot )*b *sqrt(c )=K_P *a 

"Conservation of energy for the reaction, assuming SSSF, neglecting work , ke, and pe:" 

EJn - E_out = DELTAE_cv 
EJn = C_net + HR 

"The enthalpy of the reactant gases is" 

HR=enthalpy(CH4,T=T_fuel)+ (1+Ex)*(2) *enthalpy(02,T=T_air)+(1+Ex)*(2)*3.76 *enthalpy(N2,T=T_air) 

E_out= HP 

"The enthalpy of the product gases is" 

HP=a *enthalpy(C02,T=T_prod )+b *enthalpy(CO,T=T_prod ) +2*enthalpy(H20,T=T_prod 
)+(1 +Ex)*(2)*3.76*enthalpy(N2,T=T_prod ) + c *enthalpy(02,T=T_prod ) 

DELTAE_cv = 0 "Steady-flow requirement" 

Q net=0 "For an adiabatic reaction the net heat added is zero." 
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PercentEx 

Tprod 

[K] 

0 

2260 

20 

2091 

40 

1940 

60 

1809 

80 

1695 

100 

1597 

120 

1511 

140 

1437 

160 

1370 

180 

1312 

200 

1259 



Coefficients for C0 2 , CO, and 0 2 vs T prod 
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16-92 The equilibrium partial pressure of the carbon dioxide for the reaction CH 4 + 20 2 o C0 2 + 2H 2 0 at 700 kPa and 
3000 K is to be determined. 

Assumptions 1 The equilibrium composition consists of CH 4 , 0 2 , C0 2 , and H 2 0. 2 The constituents of the mixture are ideal 
gases. 

Analysis This is a simultaneous reaction. We can begin with the dissociation of methane and carbon dioxide, 

CH 4 <=> C + 2H 2 K P =e~ 9MS 

C + 0 2 ^C0 2 ^ P = e 15 ' 869 

When these two reactions are summed and the common carbon term 
cancelled, the result is 

CH 4 +0 2 «C0 2 +2H 2 Kp = e < 15 - 869 - 9 - 685 ) =g 6184 

Next, we include the water dissociation reaction, 

2H 2 + 0 2 <=> 2H 2 0 K P = e 2(3 086) =e 6172 

which when summed with the previous reaction and the common hydrogen term is cancelled yields 
CH 4 +20 2 »C0 2 + 2H 2 0 K P = £? 6 - 184+6 - 172 = ^ 12.356 


CH 4 +20 2 <z> 
C0 2 +2H 2 0 
3000 K 
700 kPa 


Then, 

In K P =12.356 


Actual reeaction: 


C balance: 


CH 4 + 20 2 >xCH 4 + yO 2 + zC0 2 + mH 2 0 


react. 


products 


1 = X + Z 


-> z = 1- X 


H balance: 

O balance: 

Total number of moles: 


4 = 4x + 2m > m = 2 — 2x 

4 = 2y + 2z + m > y = 2x 

total =x + y + z + m = 3 


The equilibrium constant relation can be expressed as 


k p = 


AT V C 02 AT V H20 

iV C02 iV H20 


^CH^O? V ^ total J 


P 


\ V C02 +V H20 v cm V 02 


Substituting, 


,12.356 _ (l~ x )(2~2x) 
x(2x) 2 


700/101.325 


\ 1 + 2 — 1—2 


Solving for x, 

x = 0.01601 

Then, 

y = 2x = 0.03202 
z= 1 - x = 0.98399 
m = 2 -2x= 1.96798 

Therefore, the equilibrium composition of the mixture at 3000 K and 700 kPa is 
0.01601 CH 4 +0.03202 0 2 +0.98399 C0 2 + 1.96798 H 2 0 
The mole fraction of carbon dioxide is 


0.98399 

Tc 02 - “ 


0.3280 


and the partial pressure of the carbon dioxide in the product mixture is 
P C0 2 = y c 02 ? = (0.3280)(700 kPa) = 230 kPa 
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16-79 


16-93 Methane is heated from a specified state to another state. The amount of heat required is to be determined without and 
with dissociation cases. 

Properties The molar mass and gas constant of methane are 16.043 kg/kmol and 0.5182 kJ/kg-K (Table A-l). 

Assumptions 1 The equilibrium composition consists of O 2 and O. 2 The constituents of the mixture are ideal gases. 
Analysis {a) An energy balance for the process gives 


^in ^out 


A E 


system 


Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin =N(U 2 -M| ) 

= N[h 2 -h 1 -R u (T 2 -T l )] 


Using the empirical coefficients of Table A-2c, 

2 



h 2 -h x = J c p dT = a(T 2 -7V) + V 2 2 -Tft + ^Tj -T 3 ) + ^(T 4 -T 4 ) 
1 


= 19.89(1000-298) + 


0.05024 


-9 


+ ■ 1LQ1 - 1Q — (1000" -298") 


2 

,4 or\o4 


(1000 z -298 ) + 


1.269x10 


-5 


(1000 3 -298 3 ) 


= 38,239 kJ/kmol 

Substituting, 

Q in = (10 kmol)[38,239 kJ/kmol - (8.3 14 kJ/kmol • K)( 1000 - 298)K] = 324,000 kJ 
( b ) The stoichiometric and actual reactions in this case are 

Stoichiometric: CH 4 <=> C + 2H 2 (thus v CH4 =1, v c = 1 and v H2 =2) 


Actual: 


C balance: 


H balance: 


CH 


axCH 4 + yC + zH 2 

react. products 


1 = x + y > y = 1-x 


4 = 4x + 2z 


-> z = 2-2x 


Total number of moles: N total = x + y + z = 3 -2x 

The equilibrium constant relation can be expressed as 


k p = 


N' C C N £ 


P 


\ v c +v m~ v c H4 


TVcm V^totai; 

From the problem statement, at 1000 K, ln^ /; = -2.328 . Then, 

-2.328 


K P - e 

Substituting, 

0.09749 - 

Solving for jc, 

x — 0.64 14 


= 0.09749 


(1 - jc)(2 - 2jc) 


2 r x ^ 1+2 - 1 


x 


3-2x 
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16-80 


Then, 


y=\-x = 0.3586 
z = 2-2x = 0.7172 

Therefore, the equilibrium composition of the mixture at 1000 K and 1 atm is 
0.6414CH 4 +0.3586 C + 0.7172 H 2 
The mole fractions are 


y CH4 - 


Tc = 

y H2 = 


-^CH4 
N total 

total 

A^H2 


0.6414 

0.6414 + 0.3586 + 0.7172 


0.6414 

1.7172 


0.3735 


0.3586 

1.7172 


0.2088 


0.7172 

1.7172 


0.4177 


The heat transfer can be determined from 


2in - A^(> ? CH4 C t/CH4 r 2 +Th 2 c i/,H 2^2 + Tc c i/,C^2) v ,CH4^1 

= (10)[(0.3735)(63.3)(1000) + (0.4177)(21.7)(1000) + (0.2088)(0.71 1)(1000)]- (10)(27.8)(298) 

- 245,700 kJ 
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16-81 


16-94 Solid carbon is burned with a stoichiometric amount of air. The number of moles of CO 2 formed per mole of carbon 
is to be determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , CO, 0 2 , and N 2 . 2 The constituents of the mixture are ideal 
gases. 

Analysis Inspection of Table A-28 reveals that the dissociation equilibrium constants 
of C0 2 , 0 2 , and N 2 are quite small and therefore may be neglected. (We learned from 
another source that the equilibrium constant for CO is also small). The combustion is 
then complete and the reaction is described by 

C + (0 2 +3.76N 2 ) >C0 2 +3.76N 2 

The number of moles of C0 2 in the products is then 

_^C02_ = -j 

A c 


Carbon + Air 
25°C 


16-95 Solid carbon is burned with a stoichiometric amount of air. The amount of heat released per kilogram of carbon is to 
be determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , CO, 0 2 , and N 2 . 2 The constituents of the mixture are ideal 
gases. 

Analysis Inspection of Table A-28 reveals that the dissociation equilibrium 
constants of C0 2 , 0 2 , and N 2 are quite small and therefore may be neglected. 

(We learned from another source that the equilibrium constant for CO is also 
small). The combustion is then complete and the reaction is described by 

C + (0 2 +3.76N 2 ) >C0 2 + 3.76N 2 


Carbon + Air 
25°C 


The heat transfer for this combustion process is determined from the energy balance E [n -E out = AE’ system applied on the 
combustion chamber with W= 0. It reduces to 

- e ou t = X n p fc +h-h°) p ~Y J N R (a ; + h - h° f 

Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, 


Substance 

hf 

kJ/kmol 

^298K 

kJ/kmol 

^1240K 

kJ/kmol 

n 2 

0 

8669 

38,129 

C0 2 

-393,520 

9364 

56,108 

Substituting, 





- Q out = (1)(- 393,520 + 56,108 - 9364)+ (3.76)(0 + 38,129 - 8669) 
= -236,000 kJ/kmol C 


or 



236,000 kJ/kmol 
12 kg/kmol 


19,670 kJ/kg C 
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16-82 

16-96 Methane gas is burned with 30 percent excess air. The equilibrium composition of the products of combustion and the 
amount of heat released by this combustion are to be determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , H 2 0, 0 2 , NO, and N 2 . 2 The constituents of the mixture are 
ideal gases. 

Analysis Inspection of the equilibrium constants of the possible reactions indicate that only the formation of NO need to be 
considered in addition to other complete combustion products. Then, the stoichiometric and actual reactions in this case are 

N 2 + 0 2 <=> 2NO (thus v N2 = 1, v 02 = 1, and v N0 = 2) 


Stoichiometric: 

Actual: 

N balance: 

O balance: 


CH 4 +2.6(0 2 + 3.76N 2 ) >C0 2 + 2H 2 0 + xN0 + y0 2 + zN 2 

2x9.776 = x + 2z >z = 9.776 -0.5x 

5.2 = 2 + 2 + x + 2y > y — 0.6-0.5x 


CFL 


Total number of moles: N tot ai = l + 2 + x + y + z = 13.38 

The equilibrium constant relation can be expressed as 


k p = 


iV NO 


AT V N2 A[ v 02 W 

N2 02 V total 


P 


( v NO _V N2 _,/ 02 ) 


25°C 
30% excess air 


25°C 


/ 


Q 


out 


Combustion 

chamber 

1 atm 


co 2 , h 2 o 

NO, 0 2 , N 2 
1600 K 


From Table A-28, at 1600 K, In = -5.294 . Since the stoichiometric reaction being considered is double this reaction, 

K p = exp(-2x 5.294) = 2.522 xlO -5 
Substituting, 


2.522xl(T 5 = 


X 


1 


x 2-1-1 


13.38 


(0.6 - 0.5x)(9.766 - 0.5x) 

Solving for x, 

x = 0.0121 

Then, 

y = 0.6 - 0.5x = 0.594 
z = 9.776 -0.5x = 9.77 

Therefore, the equilibrium composition of the products mixture at 1600 K and 1 atm is 

CH 4 +2.6(0 2 +3.76N 2 ) >C0 2 + 2H 2 0 + 0.0121NO + 0.5940 2 +9.77N 2 

The heat transfer for this combustion process is determined from the energy balance E m -E out = AE tQm applied on the 
combustion chamber with W= 0. It reduces to 

- fiout = 2 + A - A ° )p - Z ^ fc + /7 ~ 7 ° )« 

Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, 


h 


Substance 


f 


kJ/kmol 


^298K 

kJ/kmol 


^1600K 

kJ/kmol 


ch 4 

-74,850 

— 

— 

0 2 

0 

8682 

52,961 

N 2 

0 

8669 

50,571 

h 2 o 

-241,820 

9904 

62,748 

co 2 

-393,520 

9364 

76,944 


Neglecting the effect of NO in the energy balance and substituting, 

- Q oat = (1)(- 393,520 + 76,944 - 9364)+ (2)(-24 1,820 + 62,748 - 9904) + 0.594(52,961 - 8682) 
+ (9.77)(50,57 1 - 8669) - (-74,850) 

= -193,500 kJ/kmol CH 4 

0 out =193,500 kJ/kmol CH 4 


or 
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16-97E Gaseous octane gas is burned with 40% excess air. The equilibrium composition of the products of combustion is to 
be determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , H?0, 0 2 , NO, and N 2 . 2 The constituents of the mixture are 
ideal gases. 

Analysis The stoichiometric and actual reactions in this case are 
Stoichiometric: N 2 +0 2 <=> 2NO (thus v N2 = 1, v Q2 =1, and v N0 =2) 

Actual: C 8 H 18 + 1.4xl2.5(0 2 + 3.76N 2 ) >8C0 2 + 9H 2 0 + xN0 + j/0 2 + zN 2 

N balance: 131.6 = x + 2z >z = 65.8-0.5x 


O balance: 35 = 16 + 9 + x + 2y »;; = 5-0.5x 

Total number of moles: N to tai = 8 + 9 + x + j + z = 87.8 

The equilibrium constant relation can be expressed as 


k p = 


N v NO 
iV NO 


KlKf V ^ total 


P 


( v NO _V N2 _l/ 02 ) 


c 8 H 18 

► 


40% excess air 

► 


Combustion 

chamber 

600 psia 


C0 2 , H 2 0 
NO, 0 2 , N 2 
3600 R 


From Table A-28, at 2000 K (3600 R), ln^ /; = -3.931 . Since the stoichiometric reaction being considered is double this 
reaction, 

K p =exp(-2x3.931) = 3.851xlCT 4 
Substituting, 


3.851xl(T 4 = 


X 


(5 - 0.5x)(65.8 - 0.5x) 


600/14.7 

87.8 


\ 2-1-1 


Solving for x, 

x — 0.3492 

Then, 

y = 5 - 0.5x = 4.825 
z — 65.8 — 0.5x — 65.63 

Therefore, the equilibrium composition of the products mixture at 2000 K and 4 MPa is 


C 8 H 18 +17.5(0 2 +3.76N 2 ) 


>8C0 2 + 9H 2 0 + 0.3492NO + 4.8250 2 +65.63N 2 
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16-98 Propane gas is burned with 20% excess air. The equilibrium composition of the products of combustion on a mass 
basis and the amount of heat released by this combustion are to be determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , H?0, 0 2 , NO, and N 2 . 2 The constituents of the mixture are 
ideal gases. 

Analysis (a) The stoichiometric and actual reactions in this case are 
Stoichiometric: N 2 +0 2 <=> 2NO (thus v N2 = 1, v Q2 = 1, and v N0 =2) 

Actual: C 3 H 8 + 1.2 x 5(0 2 + 3.76N 2 ) >3C0 2 + 4H 2 0 + xNO + y0 2 + zN 2 


N balance: 45.12 = x + 2z >z = 22.56 - 0.5x 

O balance: 12 = 6 + 4 + x + 2y >y = l-0.5x 

Total number of moles: /V total =3+4+x+j+z= 30.56 

The equilibrium constant relation can be expressed as 


c 3 h 8 


k p = 


N v NO 
iV NO 


f p A ( v NO _l/ N2 _l/ 02 ) 


25°C 
20% excess air 


25°C 


/ 


Q 


out 


Combustion 

chamber 

1 atm 


Products 

2 0()f) K 


AT V N2 AT V 02 N + + \ 

7V N2 7V 02 total y 

From Table A-28, at 2000 K, In K p = -3.931 . Since the stoichiometric reaction being considered is double this reaction, 

K p = ex p(-2x 3.931) = 3.851 x 10 
Substituting, 


-4 


3.851 xlO" 4 = 


x 


(1 - 0.5x)(22.56 - 0.5x) 


1 


X 2-1-1 


30.56 


Solving for x, 

x = 0.09097 

Then, 

y=\- 0.5x = 0.9545 
z = 22.56-0.5x^22.51 

Therefore, the equilibrium composition of the products mixture at 2000 K and 1 atm is 


C 3 H 8 +6(0 2 + 3.76N 2 ) >3C0 2 + 4H 2 0 + 0.09097NO + 0.9545O 2 + 22.51N 2 

The mass of each product and the total mass of the products is 

'«C02 = N C02 M C02 = (3 kmol)(44 kg/kmol) = 132 kg 
m mo = N mo M mo = (4 kmol)( 18 kg/kmol) = 72 kg 
m NO = ^no^no = (0.09097 kmol)(30 kg/kmol) = 2.73 kg 
m Q2 = N 02 M 02 = (0.9545 kmol)(32 kg/kmol) = 30.54 kg 
m N2 = N m M m = (22.51 kmol)(28 kg/kmol) = 630.28 kg 
m total = 132 + 72 + 2.73 + 30.54 + 630.28 = 867.55 kg 

The mass fractions of the products are 
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16-85 


mf, 


m 


C02 


C02 


mf 


^ total 
m H20 


H20 


mf N0 = 


mf 02 = 


mf N2 = 


m 


total 


m 


NO 


^ total 
m 02 


m 


total 


m 


N2 


m 


total 


132 kg 
867.55 kg 
72 kg 
867.55 kg 
2.73 kg 
867.55 kg 
30.54 kg 
867.55 kg 
630.28 kg 
867.55 kg 


= 0.1522 


0.0830 


= 0.0031 


= 0.0352 


= 0.7265 


( b ) The heat transfer for this combustion process is determined from the energy balance E m - E out 
the combustion chamber with W= 0. It reduces to 

- e out =X /V /'( /7 ; +/7 - /T °) / .-Z N * fc +Ti ~ /7 ° )* 

Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, 


= A E 


system 


Substance 

hf 

kJ/kmol 

c 3 h 8 

-103,850 

o 2 

0 

n 2 

0 

h 2 o 

-241,820 

co 2 

-393,520 


^298K 

m600K 

kJ/kmol 

kJ/kmol 

8682 

67,881 

8669 

64,810 

9904 

82,593 

9364 

100,804 


Neglecting the effect of NO in the energy balance and substituting, 

- Q out = (3)(- 393,520 + 100,804 - 9364)+ (4)(-241, 820 + 82,593 - 9904) + 0.9545(67,881 - 8682) 
+ (22.51)(64,810-8669) - (-103,850) 

= -158,675 kJ/kmolC 3 H 8 


or 


QqvX 


158,675 kJ/kmol 
44 kg/kmol 


= 3606 kJ/kg C 3 H 8 


applied on 
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16-99 Propane gas is burned with stoichiometric air in an adiabatic manner. The temperature of the products and the 
equilibrium composition of the products are to be determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , H 2 0, 0 2 , NO, and N 2 . 2 The constituents of the mixture are 
ideal gases. 

Analysis (< a ) The stoichiometric and actual reactions in this case are 
Stoichiometric: N 2 +0 2 <=> 2NO (thus v N2 = 1, v Q2 = 1, and v N0 = 2) 

Actual: C 3 H 8 +l.lx 5(0 2 + 3.76N 2 ) >3C0 2 + 4H 2 0 + xNO + j;0 2 + zN 2 


N balance: 


41.36 = x + 2 z 


-»z = 20.68 - 0.5x 


O balance: 

Total number of moles: 


ll = 6 + 4 + x + 2 y > y = 0.5 - 0.5x 

A total = 3 + 4 + x + i y + z = 21.18 


CJEL 




The equilibrium constant relation can be expressed as 


25°C 

Air 


Combustion 
Chamber 
1 atm 


k p = 


N v ko 
7V NO 


f p N ( V NO -V, N2 _,/ 02 ) 




1 0% excess air 
25°C 


Products 

► 

T P 


We assume that the products will be at 2000 K. Then from Table A-28, at 2000 K, In K p = -3.93 1 . Since the stoichiometric 
reaction being considered is double this reaction, 

K p = exp(-2x 3.931) = 3.851 xlCT 4 
Substituting, 


3.851 x 10 -4 - 


x 


(0.5 - 0.5x)(20.68 - 0.5x) 


1 


N 2-1-1 


21.18 


Solving for x, 

x — 0.06 1 1 

Then, 

^ = 0.5-0.5x^0.4695 
z = 20.68 -0.5x = 20.65 

Therefore, the equilibrium composition of the products mixture at 2000 K and 1 atm is 


C 3 H 8 +6(0 2 +3.76N 2 ) >3C0 2 +4H 2 0 + 0.0611 NO + 0.4695O 2 +20.65N 2 

(b) From the tables, 

Substance h f ° , kj/kmol ^298K > kJ/kmol 


C 3 H 8 (g) -103,850 

0 2 0 8682 

N 2 0 8669 

H 2 0 (g) -241,820 9904 

C0 2 -393,520 9364 


Thus, 

(3)(- 393,520 + h C02 -9364)+ (4)(- 241,820 + h mo -9904)+ (0.061 1)(39,460 + /7 OH -9188) 
+ (0.4695)(o + h 02 - 8682)+ (20.65)(o + h N2 - 8669) = (1)(- 103,850)+ 0 + 0 
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It yields 


16-87 


3h C02 + 4/z H2 o + 0.061 1/zqh + 0.4695/z O 2 + 20.65 h m - 2,292,940 kJ 

The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 2,292,940/(3+4+0.0611+0.4695+20.65) = 81,366 
kJ/kmol. This enthalpy value corresponds to about 2450 K for N 2 . Noting that the majority of the moles are N 2 , T P will be 
close to 2450 K, but somewhat under it because of the higher specific heat of H 2 0. 

At 2200 K: 

3 h C02 + 4h mo + 0.061 ^oh + 0.4695/J" O2 + 20.65 h m = 3(1 12,939) + 4(92,940) + 0.061 1(69,932) 

+ 0.4695(75,484) + 20.65(64,810) = 2,088,620 kJ (Lower than 2,292,940) 

At 2400 K: 

3h col + 4A H2Q + 0.061 I^oh +0.4695^02 + 20.65h m = 3(125,152) + 4(103,508) + 0.061 1(77,015) 

+ 0.4695(83,174) + 20.65(79,320) = 2,471,200 kJ (Higher than 2,292,940) 

By interpolation of the two results, 

T P = 2307 K = 2034°C 
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16-88 


16-100 A mixture of H 2 0 and 0 2 is heated to a high temperature. The equilibrium composition is to be determined. 

Assumptions 1 The equilibrium composition consists of H 2 0, OH, 0 2 , and H 2 . 2 The constituents of the mixture are ideal 
gases. 

Analysis The reaction equation during this process can be expressed as 

2H 2 0 + 30 2 » xH 2 0 + y H 2 + z0 2 + wOH 

Mass balances for hydrogen and oxygen yield 
H balance: 4 = 2x + 2y + w (1) 

O balance: 8 = x + 2z + w (2) 

The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations 
(to be obtained from the K P relations) to determine the equilibrium composition of the mixture. They are 

H 2 0 <=> H 2 + y0 2 (reaction 1) 

H 2 0 <=> yH 2 +OH (reaction 2) 

The equilibrium constant for these two reactions at 3600 K are determined from Table A-28 to be 

In K Pl = -1.392 > K PX = 0.24858 

ln^ p2 = -1.088 > K P 2 = 0.33689 

The K P relations for these two simultaneous reactions are 


H 2 0, OH, H 2 , 0 2 
3600 K 
8 atm 


^o 2 

Pl= N ^o 
iV H 2 0 

N VH 2 M V OH 
iV H 2 iV OH 

K P2 ~ “ 

M U2 ° 
iV H ? 0 


Vh 2 AT V ° 2 f „ \( v H 2 +v 0 2 -v H 2 o) 


P 


V N total J 


r ~ \ 


P 


V. N total J 


( v h 2 +v oh _v h 2 o) 


where 

N total = ^H 2 0 + ^"h 2 + ^0 2 + ^OH = * + >’ + ^ + W 

Substituting, 


0.24858 = 


0.33689 = 


OOO) 


x 


8 


1/2 


(w)(y) 


V 

1/2 r 




X 


8 


\ 1/2 




(3) 


(4) 


Solving Eqs. (1), (2), (3), and (4) simultaneously for the four unknowns x,y, z, and w yields 
x = 1.371 y = 0.1646 z = 2.85 w = 0.928 

Therefore, the equilibrium composition becomes 

1.371H 2 0 + 0.165H 2 + 2.850 2 + 0.928OH 
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16-101 A mixture of CO 2 and O 2 is heated to a high temperature. The equilibrium composition is to be determined. 

Assumptions 1 The equilibrium composition consists of C0 2 , CO, 0 2 , and O. 2 The constituents of the mixture are ideal 
gases. 

Analysis The reaction equation during this process can be expressed as 


3C0 2 + 30 2 > xC0 2 + yCO + z0 2 + wO 

Mass balances for carbon and oxygen yield 
C balance: 3 = x + y (1) 

O balance: 12 = 2x + y + 2z + w (2) 


C0 2 , CO, o 2 , o 
2600 K 
1.5 atm 


The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations 
(to be obtained from the K P relations) to determine the equilibrium composition of the mixture. They are 

CO 2 «C0 + y0 2 (reaction 1) 

0 2 <=> 20 (reaction 2) 

The equilibrium constant for these two reactions at 2600 K are determined from Table A-28 to be 

In K PX = -2.801 > K Pl = 0.06075 

In K P2 = -7.521 > K P2 = 0.0005416 

The K P relations for these two simultaneous reactions are 


K P 1 = 


Kp 2 - 


Af^CO AT V 0 2 

iV CO iV 0, 


N Vc ° 2 

7V co, 


p 


V ^total J 


( v co +v o 2 ~ v co 2 ) 


Nq° f P 


N v ° 2 


V ^total J 


where 


N 


total 


~ N co, + + ^co + ^o - ^ + T + ^ + 


Substituting, 


0.06075 = 


(y)(z) 


1/2 


r 


x 


1.5 




1/2 


0.0005416 = 


w 


^x + y + z + wj 
\ 2-1 

1.5 N 


(3) 


(4) 


z ^x + y + z + wy 

Solving Eqs. (1), (2), (3), and (4) simultaneously for the four unknowns x,y, z, and w yields 
x — 2.803 y = 0.197 z = 3.057 w = 0.08233 

Thus the equilibrium composition is 

2.803CO 2 + 0.197CO + 3.0570 2 + 0.08230 
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16-90 


16-102 



Problem 16-101 is reconsidered. The effect of pressure on the equilibrium composition by varying pressure 


from 1 atm to 10 atm is to be studied. 

Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

T=2600 [K] 

P=1 .5 [atm] 

"The equilibrium constant for these two reactions at 2600 K are determined from Table A-28" 
K_p1=exp(-2.801) 

K_p2=exp(-7.521) 

"Analysis" 

"Actual reaction: 3 C02 + 3 02 = N_C02 C02 + N_CO CO + N_02 02 + N_0 O" 

3=N_C02+N_C0 "C balance" 

1 2=2*N_C02+N_C0+2*N_02+N_0 "O balance" 

N_total=N_C02+N_CO+hL02+N„0 

"Stoichiometric reaction 1 : C02 = CO + 1/2 02" 

"Stoichiometric coefficients for reaction 1" 

nu_C02_1=1 

nu_CO_1=1 

nu_02_1=1/2 

"Stoichiometric reaction 2: 02 = 2 O" 

"Stoichiometric coefficients for reaction 2" 

nu_02_2=1 

nu_0_2=2 

"K_p relations are" 

K pi =(NCO A nu_CO_1 *N_02 A nu_02_1 )/N_C02 A nu_C02_1 *(P/N_total) A (nu_CO_1 +nu_02_1 -nu_C02_1 ) 
K_p2=N_0 A nu_0_2/N_02 A nu_02_2*(P/N_total) A (nu_0_2-nu_02_2) 


P atm 

[atm] 

b 

[kmolco] 

i 

0.2379 

2 

0.1721 

3 

0.1419 

4 

0.1237 

5 

0.1111 

6 

0.1017 

7 

0.09442 

8 

0.0885 

9 

0.08357 

10 

0.0794 
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16-103 The h R at a specified temperature is to be determined using enthalpy and K p data. 

Assumptions Both the reactants and products are ideal gases. 

Analysis ( a ) The complete combustion equation of H 2 can be expressed as 

h 2 +{o 2 «h 2 o 

The h R of the combustion process of H 2 at 2400 K is the amount of energy released as one kmol of H 2 is burned in a steady- 
flow combustion chamber at a temperature of 2400 K, and can be determined from 

h R =Y, N P fc + /7 - /7 ° )p - Z n r fc + ■ h- h ° f 

Assuming the H 2 0, H 2 , and 0 2 to be ideal gases, we have h = h (7). From the tables, 


Substance 

hf 

kj/kmol 

^298 K 

kj/kmol 

^2400 K 
kj/kmol 

H 2 0 

-241,820 

9904 

103,508 

h 2 

0 

8468 

75,383 

o 2 

0 

8682 

83,174 


Substituting, 

h R = l(-24 1,820 +103,508 -9904) 
- 1(0 + 75,383 - 8468) 

-0.5(0 + 83,174-8682) 

= -252,377 kj/kmol 


( b ) The h R value at 2400 K can be estimated by using K P values at 2200 K and 2600 K (the closest two temperatures to 
2400 K for which K P data are available) from Table A-28, 


\n Kp2 


h 


R 


Kp\ R u 


_1 l_ 

K T \ T 2 J 


or In K P2 - In K P , = 


h 


R 


P 1 


R, 


l l_ 

T 2 J 


4.648-6.768 = 


h 


R 


1 


1 


8.3 14 kJ/kmol -K . 

h R = -252,047 kj/kmol 


2200 K 2600 K 
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16-104 



Problem 16-103 is reconsidered. The effect of temperature on the enthalpy of reaction using both methods by 


varying the temperature from 2000 to 3000 K is to be investigated. 

Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

T_prod=2400 [K] 

DELTAT prod =25 [K] 

R u=8.314 [kJ/kmol-K] 

T_prod 1 = T_prod - DELTAT_prod 
T_prod 2 = Tprod + DELTAT_prod 

"The combustion equation is 1 H2 + 0.5 02 =>1 H20" 

"The enthalpy of reaction H_bar_R using enthalpy data is:" 
h_bar_R_Enthalpy = HP - HR 
HP = 1*Enthalpy(H20,T=T_prod ) 

HR = 1 *Enthalpy(H2,T =T_prod ) + 0.5*Enthalpy(O2,T=T_prod ) 

"The enthalpy of reaction H_bar_R using enthalpy data is found using the following equilibruim data:" "The 
following equations provide the specific Gibbs function (g=h-Ts) for 
each component as a function of its temperature at 1 atm pressure, 101.3 kPa" 
g_H20_1=Enthalpy(H20,T=T pnxM )-T_prod_1 *Entropy(H20,T=T_prod_1 ,P=101.3) 
gJH2_1=Enthalpy(H2,T=T_prod_1 )-T_prod_1 *Entropy(H2,T=T_prod_1 ,P=101.3) 
g_02_1 =Enthalpy(02,T =T prod_1 )-T_prodJ *Entropy(02,T=T_prod_1 ,P=101.3) 
g H20_2=Enthalpy(H20,T=T prod_2 )-T_prod^2 *Entropy(H20,T=T_prod_2 ,P=101.3) 
g_H2_2=Enthalpy(H2,T=T_prod_2 )-T_prod_2 *Entropy(H2,T=T_prod^2 ,P=101.3) 
g_02_2=Enthalpy(02,T =T prod_2 )-T_prod^2 *Entropy(02,T=T_prod_2 ,P=101.3) 

"The standard-state (at 1 atm) Gibbs functions are" 

DELTAG_1 =1 *g_H20_1 -0.5*g_O2_1 -1 *g_H2_1 
DELTAG_2 =1 *g JH2O_2-0.5*g_O2_2-1 *g JH2_2 
"The equilibrium constants are given by Eq. 15-14." 

K_p_1 = exp(-DELTAG_1/(R_u*T_prod_1)) "From EES data" 

K_P_2 = exp (- D E LT AG_2/( R_u *T prod_2) ) "From EES data" 

"the entahlpy of reaction is estimated from the equilibrium constant K_p by using EQ 15-18 as:" 
ln(K_P_2/K_PJ)=h_bar_R_Kp/R_u*(1/T_prod_1 - 1/T_prod_2) 

PercentError = ABS((h_bar_R_enthalpy - h_bar_R_Kp)/h_bar_R_enthalpy)*Convert(, %) 



T prod [ k ] 


Percent 
Error [%] 

"Tprod 

[K] 

TlREnthalpy 

[kJ/kmol] 

hRKp 

[kJ/kmol] 

0.0002739 

2000 

-251723 

-251722 

0.0002333 

2100 

-251920 

-251919 

0.000198 

2200 

-252096 

-252095 

0.0001673 

2300 

-252254 

-252254 

0.0001405 

2400 

-252398 

-252398 

0.0001173 

2500 

-252532 

-252531 

0.00009706 

2600 

-252657 

-252657 

0.00007957 

2700 

-252778 

-252777 

0.00006448 

2800 

-252897 

-252896 

0.00005154 

2900 

-253017 

-253017 

0.0000405 

3000 

-253142 

-253142 
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16-105 The K P value of the dissociation process 0 2 <=> 20 at a specified temperature is to be determined using the h R data 
and K P value at a specified temperature. 

Assumptions Both the reactants and products are ideal gases. 


Analysis The h R and K P data are related to each other by 


ln*« 


h 


R 


K 


pi 


R, 


1 _ 1 

\ T l T 1 J 


or In K P 2 -\nKp^ = 


h 


R 


1 1 


PI 


R 


u VM 


r, t 


2 J 


The h R of the specified reaction at 2800 K is the amount of energy released as one kmol of 0 2 dissociates in a steady- flow 
combustion chamber at a temperature of 2800 K, and can be determined from 

h R =^j N P^f +h +h - h °) R 

Assuming the 0 2 and O to be ideal gases, we have h=h (7). From the tables, 


1*2800 K 
kj/kmol 

O 249,190 6852 59,241 

0 2 0 8682 98,826 


Substance 


hi 


kj/kmol 


1*298 K 
kj/kmol 


Substituting, 

h R = 2(249,1 90 + 59,24 1 - 6852) - 1(0 + 98,826 - 8682) 
= 513,014 kJ / kmol 


The K P value at 3000 K can be estimated from the equation above by using this h R value and the K P value at 2600 K which 
is InKpi = -7.521, 


lnK P2 - (-7.521) 


In = -4.357 


5 13,014 kJ/kmol f 1 _ 1 " 

8.3 14 kJ/kmol • K v 2600 K 3000 K y 

(Table A -28: lnA: P2 =-4.357) 


or 


K P1 = 0.0128 
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16-106 A mixture of CO and O 2 contained in a tank is ignited. The final pressure in the tank and the amount of heat transfer 
are to be determined. 

Assumptions 1 The equilibrium composition consists of C0 2 and 0 2 . 2 Both the reactants and the products are ideal gases. 
Analysis The combustion equation can be written as 

CO + 30 2 > C0 2 +2.50 2 

The heat transfer can be determined from 

- Qout =Ya N P fc + h- h° -P^-^r fe + h- h° - Pu\ 

Both the reactants and the products are assumed to be ideal gases, and thus all the internal energy and enthalpies depend on 
temperature only, and the PU terms in this equation can be replaced by R U T. It yields 

” Gout = ^ Np ( hj- + /z 800 K ” ^298 K “ ^U^)p ~ ^ ^ R (fif ~ ^u^) R 

since reactants are at the standard reference temperature of 25 °C. From the tables, 


C0 2 , CO, 0 2 
25°C 
3 atm 


Substance 

hf 

kj/kmol 

^298 K 

h800K 

kj/kmol 

kj/kmol 

CO 

-110,530 

8669 

23,844 

0 2 

0 

8682 

24,523 

co 2 

-393,520 

9364 

32,179 


Substituting, 

-Q out = 1(— 393,520 + 32,179 - 9364 - 8.3 14 x 800) 
+ 2.5(0 + 24,523 - 8682 - 8.3 14 x 800) 
-3(0-8.314x298) 

-1(-1 10,530 -8.3 14x298) 

= -233,940 kj/kmol CO 


or 


<2 0Ut = 233,940 kj/kmol CO 


The final pressure in the tank is determined from 


py_ 

P 2 V 


NiR u Ti 

N2RJ2 


„ n 2 t 2 n 

-> p 2 = - 2 1 p x = 

N{T X 


3.5 800 K x 

— x (3 atm) = 7.05 atm 

4 298 K 


The equilibrium constant for the reaction CO + y 0 2 <=> C0 2 at 800 K is In K P = 37.2 (by interpolation), which is much 
greater than 7.05. Therefore, it is not realistic to assume that no CO will be present in equilibrium mixture. 
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16-107 A 2-L bottle is filled with carbonated drink that is fully charged (saturated) with CO2 gas. The volume that the CO2 
gas would occupy if it is released and stored in a container at room conditions is to be determined. 

Assumptions 1 The liquid drink can be treated as water. 2 Both the C0 2 gas and the water vapor are ideal gases. 3 The C0 2 
gas is weakly soluble in water and thus Henry’s law is applicable. 

Properties The saturation pressure of water at 17°C is 1.938 kPa (Table A-4). Henry’s constant for CO2 dissolved in water 
at 17°C (290 K) is H= 1280 bar (Table 16-2). Molar masses of C0 2 and water are 44.01 and 18.015 kg/kmol, respectively 
(Table A-l). The gas constant of C0 2 is 0.1889 kPa.mVkg.K. Also, 1 bar = 100 kPa. 

Analysis In the charging station, the CO2 gas and water vapor mixture above the liquid will form a saturated mixture. 
Noting that the saturation pressure of water at 17°C is 1.938 kPa, the partial pressure of the C0 2 gas is 

^co 2 , gas side = ^ >- ^vapor = ^sat@i7°c =600-1.938 = 598.06 kPa = 5.9806 bar 


From Henry’s law, the mole fraction of CO2 in the liquid drink is determined to be 


y C0 2 , liquid side 


P, 


C0 2 ,gas side 


H 


5.9806 bar 
1280 bar 


0.00467 


Then the mole fraction of water in the drink becomes 

T water, liquid side — ^ — Tc0 2 , liquid side — ^ — 0-00467 — 0.99533 
The mass and mole fractions of a mixture are related to each other by 

M: Nj M: M: 

= — = — - — — = y t — - 
m N M M 

,n m iy m lvJ m 1VL m 

where the apparent molar mass of the drink (liquid water - CO2 mixture) is 

— y t Mi — ^liquid water ^ water y CO 2 ^ CO 2 

= 0.99533 x 18.015 + 0.00467 x 44.01 = 18.14 kg/kmol 
Then the mass fraction of dissolved CO2 in liquid drink becomes 

M co 44.OI 

W C0 2 , liquid side = Tc0 2 , liquid side (0) ^ ~ = 0.00467 ^ ^ = 0.0113 

Therefore, the mass of dissolved CO2 in a 2 L « 2 kg drink is 
m co 2 = w co 2 m m = 0-01 13(2 kg) = 0.0226 kg 


Then the volume occupied by this CO2 at the room conditions of 20°C and 100 kPa becomes 


mRT (0.0226 kg)(0.1889 kPa -m 3 /kg-K)(293 K) 
P 100 kPa 


0.0125 m 3 =12.5 L 


Discussion Note that the amount of dissolved CO2 in a 2-L pressurized drink is large enough to fill 6 such bottles at room 
temperature and pressure. Also, we could simplify the calculations by assuming the molar mass of carbonated drink to be 
the same as that of water, and take it to be 18 kg/kmol because of the very low mole fraction of C0 2 in the drink. 
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16-108 Ethyl alcohol C 2 H 5 OH (gas) is burned in a steady-flow adiabatic combustion chamber with 90 percent excess 

air. The adiabatic flame temperature of the products is to be determined and the adiabatic flame temperature as a function of 
the percent excess air is to be plotted. 

Analysis The complete combustion reaction in this case can be written as 

C 2 H 5 OH (gas) + (1 + Ex)a th [o 2 + 3 .76N 2 ] >2C0 2 +3H 2 0 + (&;)(a th )0 2 + / N 2 

where a t h is the stoichiometric coefficient for air. The oxygen balance gives 
1 + (1 + Ex) a t h x2 = 2x2 + 3xl + (Ex)(a th ) x 2 
The reaction equation with products in equilibrium is 

C 2 H 5 OH (gas) + (1 + Ex)a xh [O 2 +3.76N 2 ] >a C0 2 +bCO + d H 2 0 + e0 2 +f N 2 

The coefficients are determined from the mass balances 
Carbon balance: 2 = a+b 


Hydrogen balance: 
Oxygen balance: 


6 = 2d 


->d = 3 


l + (l + £x)a th x2 = ax2 + b + d + ex2 

Nitrogen balance: (1 + Ex) a th x 3.76 = / 

Solving the above equations, we find the coefficients to be 

Ex = 0.9, Ufa = 3, a = 2, b = 0.00008644, d= 3, e = 2.7, /= 21.43 
Then, we write the balanced reaction equation as 


C 2 H 5 0H(gas) + 5.7[0 2 +3.76N 2 ] >2C0 2 + 0.00008644 CO + 3 H 2 0 + 2.7 0 2 + 21.43 N 2 

Total moles of products at equilibrium are 

A tot = 2 + 0.00008644 + 3 + 2.7 + 21.43 = 29.13 
The assumed equilibrium reaction is 


C0 2 < >CO + 0.5O 2 

The K p value of a reaction at a specified temperature can be determined from the Gibbs function data using 

K p = e ~ AG * ( - T ') ,R '‘ T or In K p = -AG * ( T ) / R U T 

where 


AG * (T) - v CO geo (^prod ) + v 02^02 (^prod ) ~ v C0lgC02 (^prod ) 
and the Gibbs functions are defined as 

g CO (^prod ) - (^ _ ^prod CO 
g 02 (^prod ) = V 7 ~ ^prod 02 
g C02 (^prod ) = 0 1 ~ ^prod^)c02 

The equilibrium constant is also given by 


be 05 

[ P ] 

1+0. 5-1 A C 

(0.00008644)(2.7) a5 

r i > 

0.5 

a 

N 

tot 2 

2 

{.29. Uj 



A steady flow energy balance gives 
H r =H p 


0.00001316 
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where 


16-97 


Hr ~hf fUe i@25°C + 5,7 ^02@25°C + 2 1 .43/z N2 @ 2 5 0 C 

= (-235,310 kJ/kmol) + 5.7(0) + 21.43(0) = -235,310 kJ/kmol 

H P = 2/? C02@7’ pIod + 0.000086 44 ^ co@rprod + 3/? H20@7’ prod + 2 - 7/? 02 @J prod + 21 ' 43/7 N2@7’ prod 

Solving the energy balance equation using EES, we obtain the adiabatic flame temperature to be 



= 1 569 K 


The copy of entire EES solution including parametric studies is given next: 


"The product temperature isTprod" 

"The reactant temperature is:" 

T_reac= 25+273.15 "[K]" 

"For adiabatic combustion of 1 kmol of fuel: " 

Q_out = 0 "[kJ]" 

PercentEx = 90 "Percent excess air" 

Ex = PercentEx/100 "EX = % Excess air/100" 

P_prod =101 .3"[kPa]" 

R_u=8.314 "[kJ/kmol-K]" 

"The complete combustion reaction equation for excess air is:" 

"C2H50H(gas)+ (1+Ex)*A_th (02 +3.76N2)=2 C02 + 3 H20 +Ex*A_th 02 + f N2" 
"Oxygen Balance for complete combustion:" 

1 + (1 +Ex)*A_th*2=2*2+3*1 + Ex*A_th*2 

"The reaction equation for excess air and products in equilibrium is:" 
"C2H50H(gas)+ (1+Ex)*A_th (02 +3.76N2)=a C02 + b CO+ d H20 + e 02 + f N2" 
"Carbon Balance:" 

2=a + b 

"Hydrogen Balance:" 

6=2*d 

"Oxygen Balance:" 

1 + (1 +Ex)*A_th*2=a*2+b + d + e*2 
"Nitrogen Balance:" 

(1+Ex)*A_th*3.76 = f 

N_tot =a +b + d + e + f "Total kilomoles of products at equilibrium" 

"The assumed equilibrium reaction is CO2=CO+0.5O2" 

"The following equations provide the specific Gibbs function (g=h-Ts) for 
each component in the product gases as a function of its temperature, T_prod, 
at 1 atm pressure, 1 01 .3 kPa" 

g_C02=Enthalpy(C02,T=T_prod )-T_prod *Entropy(C02,T=T_prod ,P=1 01 .3) 
g_CO=Enthalpy(CO,T=Tj>rod )-T_prod *Entropy(CO,T=Tj>rod ,P=1 01 .3) 
g_02=Enthalpy(02,T=T prod )-Tjorod *Entropy(02,T=T_prod ,P=1 01 .3) 

"The standard-state Gibbs function is" 

DELTAG =1 *g_CO+0.5*g_O2-1 *g_C02 

"The equilibrium constant is given by Eq. 15-14." 

K_P = exp(-DELTAG /(R_u*T_prod )) 

P=P_prod/101.3"atm" 

"The equilibrium constant is also given by Eq. 15-15." 

"K_ P = (P/N_tot) A (1 +0.5-1 )*(b A 1 *e A 0.5)/(a A 1 )" 

sqrt(P/N_tot )*b *sqrt(e )=K_P *a 
"The steady-flow energy balance is:" 
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HR = Q_out+H_P 

h_bar_f_C2H50Hgas=-23531 0 [kJ/kmol]" 

H_R=1 *(h_bar_f_C2H50Hgas ) 

+(1 +Ex)*A_th*ENTHALPY(02,T=T_reac)+(1+Ex)*A_th*3.76*ENTHALPY(N2,T=T_reac) "[kJ/kmol]" 
H_P=a*ENTHALPY(C02,T=T_prod)+b*ENTHALPY(CO,T=T_prod)+d*ENTHALPY(H20,T=T_prod) 
+e*ENTHALPY(02,T=T_prod)+f*ENTHALPY(N2,T=T_prod) "[kJ/kmol]” 


PercentEx 

r%i 

a 

3th 

b 

d 

e 

f 

T prod 

[K1 

10 

1.921 

3 

0.07868 

3 

0.3393 

12.41 

2191 

20 

1.97 

3 

0.03043 

3 

0.6152 

13.54 

2093 

30 

1.988 

3 

0.01212 

3 

0.9061 

14.66 

1996 

40 

1.995 

3 

0.004983 

3 

1.202 

15.79 

1907 

50 

1.998 

3 

0.002111 

3 

1.501 

16.92 

1826 

60 

1.999 

3 

0.0009184 

3 

1.8 

18.05 

1752 

70 

2 

3 

0.0004093 

3 

2.1 

19.18 

1685 

80 

2 

3 

0.0001863 

3 

2.4 

20.3 

1625 

90 

2 

3 

0.00008644 

3 

2.7 

21.43 

1569 

100 

2 

3 

0.00004081 

3 

3 

22.56 

1518 



Pe rcentEx 
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16-109 The percent theoretical air required for the combustion of octane such that the volume fraction of CO in the 

products is less than 0.1% and the heat transfer are to be determined. Also, the percent theoretical air required for 0.1% CO 
in the products as a function of product pressure is to be plotted. 

Analysis The complete combustion reaction equation for excess air is 

C 8 H 1S +P th fl th [o 2 +3.76N 2 ] »8C0 2 + 9 H 2 0 + (P th -l)a th 0 2 +/N 2 

The oxygen balance is 

P th < 2 th x 2 = 8 x 2 + 9 x 1 + (P th - l)a th x 2 

The reaction equation for excess air and products in equilibrium is 

C 8 H 18 + P th a th [0 2 +3.76N 2 ] >aC0 2 + 6 CO + d H 2 0 + e0 2 +/N 2 

The coefficients are to be determined from the mass balances 
Carbon balance: 8 = a + b 

18 = 2 d >d = 9 


P th a th x2 = ax2 + b + d + ex2 


Hydrogen balance: 

Oxygen balance: 

N itrogen balance : P th a th x3. 76 = / 

Volume fraction of CO must be less than 0.1%. That is, 

b b 


Tco 


= 0.001 


A tot a+b + d-\-e + f 

The assumed equilibrium reaction is 
C0 2 < >CO + 0.5O 2 

The K p value of a reaction at a specified temperature can be determined from the Gibbs function data: 
^co(T’prod) - (h-T pmd s) co = (-53,826) -(2000)(258.48) = -570,781 kJ/kmol 
gmiTproi) = (h-T pmd s) m = (59,193) -(2000)(268.53) = -477,876 kJ/kmol 
gcG2 (T’prod ) - (h-T vmi s) C02 = (-302,128) -(2000)(3 09.00) = -920,121 kJ/kmol 
The enthalpies at 2000 K and entropies at 2000 K and 101.3 kPa are obtained from EES. Substituting, 

AG * (T prod ) = Vco S CO (Tprod ) + V 02 S 02 (^prod ) ~ V C02 S C02 (^prod ) 

= 1(— 570,78 1) + 0.5(-477,876) - (-920,12 1) = 110,402 kJ/kmol 
ACnCrod) 


K d = exp 


d r r 
1 prod 


- exp 


r -110,402 A 
(8.314)(2000) 


= 0.001308 


The equilibrium constant is also given by 


k p = 


be 05 

{ P ] 

1+0. 5-1 n c 

be 05 

( P prod / 101.3 \ 

a 

V^tot , 

a 

a.-\-b-\-d-\-e-\- f 

V J J 


\ 1+0.5-1 


The steady flow energy balance gives 

Hr - 6 0 ut + H P 

where 
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Hr - 1*C8H18@298K + Th a th^02 @298K + (Th a th X 3.76)/? N2 @298K 
= (-208,459) + P th a th (0) + (P th a til x 3.76)(0) = -208,459 kJ/kmol 

H p =ah C02@2000K + ^CO@2000K +^H20@2000K + e ^02@2000K + fh N2@2000K 

= a(-302, 128) + *(-53,826) + rf(-169,171) + e(59,193) + /( 56,1 15) 

The enthalpies are obtained from EES. Solving all the equations simultaneously using EES, we obtain 

P th =1.024, a th =12.5, a = 7.935, * = 0.06544, d = 9, e = 0.3289, / = 48.11 
PercentTh = P th x 1 00 = 1 .024 x 1 00 = 1 02.4% 

Q out =995,500 kJ/kmol C 8 H 18 


The copy of entire EES solution including parametric studies is given next: 


"The product temperature is:" 

T prod = 2000 "[K]" 

"The reactant temperature is:" 

T_reac= 25+273 "[K]" 

"PercentTH is Percent theoretical air" 

Pth= PercentTh/100 "Pth = % theoretical air/100" 

P_prod = 5 "[atm]" *convert(atm,kPa)"[kPa]" 

R_u=8.314 "[kJ/kmol-K]" 

"The complete combustion reaction equation for excess air is:" 

"C8H1 8+ Pth*A_th (02 +3.76N2)=8 C02 + 9 H20 +(Pth-1 )*A_th 02 + f N2" 

"Oxygen Balance for complete combustion:" 

Pth*A_th*2=8*2+9*1 + (Pth-1)*A_th*2 

"The reaction equation for excess air and products in equilibrium is:" 

"C8H1 8+ Pth*A_th (02 +3.76N2)=a C02 + b CO+ d H20 + e 02 + f N2" 

"Carbon Balance:" 

8=a + b 

"Hydrogen Balance:" 

18=2*d 

"Oxygen Balance:" 

Pth*A_th*2=a*2+b + d + e*2 
"Nitrogen Balance:" 

Pth*A_th*3.76 = f 

N_tot =a +b + d + e + f "Total kilomoles of products at equilibrium" 

"The volume faction of CO in the products is to be less than 0.1%. For ideal gas mixtures volume fractions equal 
mole fractions." 

"The mole fraction of CO in the product gases is:" 
y_CO = 0.001 
y_CO = b/N_tot 

"The assumed equilibrium reaction is CO2=CO+0.5O2" 

"The following equations provide the specific Gibbs function (g=h-Ts) for 
each component in the product gases as a function of its temperature, T_prod, 
at 1 atm pressure, 1 01 .3 kPa" 

g_C02=Enthalpy(C02,T=T_prod )-T_prod *Entropy(C02,T=T_prod ,P=101.3) 
g_CO=Enthalpy(CO,T=T prod )-T_prod *Entropy(CO,T=T prod , P=1 01 .3) 
g_02=Enthalpy(02,T=T_prod )-T„prod *Entropy(02,T=T_prod ,P=1 01 .3) 

"The standard-state Gibbs function is" 

DELTAG =1 *g_CO+0.5*g_O2-1 *g_C02 
"The equilibrium constant is given by Eq. 15-14." 

K_P = exp(-DELTAG /(R_u*Tjorod )) 

P=P_prod /1 01 .3"atm" 

"The equilibrium constant is also given by Eq. 15-15." 

"K_ P = (P/N_tot) A (1 +0.5-1 )*(b A 1 *e A 0.5)/(a A 1 )" 
sqrt(P/N_tot )*b *sqrt(e )=K_P *a 
"The steady-flow energy balance is:" 
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HR = Q_out+H_P 

H_R=1*ENTHALPY(C8H18,T=T_reac)+Pth*A_th*ENTHALPY(02,T=T_reac)+Pth*A_th*3.76*ENTHALPY(N2,T= 
T_reac) "[kJ/kmol]" 

H_P=a*ENTHALPY(C02,T=T_prod)+b*ENTHALPY(CO,T=T_prod)+d*ENTHALPY(H20,T=T_prod) 
+e*ENTHALPY(02,T=T_prod)+f*ENTHALPY(N2,T=T_prod) "[kJ/kmol]" 


P prod 

PercentTh 

[kPa] 

[%] 

100 

112 

300 

104.1 

500 

102.4 

700 

101.7 

900 

101.2 

1100 

101 

1300 

100.8 

1500 

100.6 

1700 

100.5 

1900 

100.5 

2100 

100.4 

2300 

100.3 
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16-110 It is to be shown that when the three phases of a pure substance are in equilibrium, the specific Gibbs function of 
each phase is the same. 

Analysis The total Gibbs function of the three phase mixture of a pure substance can be expressed as 

G = m s g s +m ( g f +m ggg 

where the subscripts s, £, and g indicate solid, liquid and gaseous phases. Differentiating by holding the temperature and 
pressure (thus the Gibbs functions, g) constant yields 

dG = g s dm s + g ,dm (i + g g dm g 
From conservation of mass, 

dm s + dm f + dm g = 0 > dm s = -dm f - dm g 

Substituting, 

dG = -g s (. dm e + dm g ) + g f dm f + g g dm g 
Rearranging, 

dG = (g, - g s )dm ( + (g g - g s )dm g 

For equilibrium, dG = 0. Also dm f and dm g can be varied independently. Thus each term on the right hand side must be 
zero to satisfy the equilibrium criteria. It yields 

g e =g s and g g =g s 

Combining these two conditions gives the desired result, 

Si ~ Ss ~ Ss 
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16-111 It is to be shown that when the two phases of a two-component system are in equilibrium, the specific Gibbs 
function of each phase of each component is the same. 

Analysis The total Gibbs function of the two phase mixture can be expressed as 
G = (m n g e i + m gl g gl ) + (m n g n + m g2 g g2 ) 

where the subscripts £ and g indicate liquid and gaseous phases. Differentiating 
by holding the temperature and pressure (thus the Gibbs functions) constant 
yields 

dG = g n dm n + g g] dm g] + g, 2 dm n + g gl dm g2 

From conservation of mass, 

dm gl = -dm n and dm g2 = -dm f2 

Substituting, 

dG = {Sa-S g \)dm n +{g a -g g2 )dm l2 

For equilibrium, dG = 0. Also dm ( \ and dm a can be varied independently. Thus each term on the right hand side must be 
zero to satisfy the equilibrium criteria. Then we have 

Sa = g 8 i and g t2 = g g2 



which is the desired result. 


16-112 Using Henry’s law, it is to be shown that the dissolved gases in a liquid can be driven off by heating the liquid. 
Analysis Henry’s law is expressed as 


y i, liquid side (^) 


P: 


i, gas side 


( 0 ) 


H 


Henry’s constant H increases with temperature, and thus the fraction of gas i in the liquid jVi,n qu id side decreases. Therefore, 
heating a liquid will drive off the dissolved gases in a liquid. 
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16-113 If the equilibrium constant for the reaction H 2 + !40 2 — » H 2 0 is K , the equilibrium constant for the reaction 2H 2 0 — » 
2H 2 + 0 2 at the same temperature is 

(a) UK (b) 1/(2K) (c) 2 K (d ) K 1 (e) 1 IK 2 

Answer (e) UK 2 


16-114 If the equilibrium constant for the reaction CO + !40 2 —> C0 2 is K , the equilibrium constant for the reaction C0 2 + 
3N 2 —> CO + V 2 O 2 + 3N 2 at the same temperature is 

(a) UK (b) l/(X+3) (c)4 K (d)AT (e) 1 IK 2 

Answer (a) 1 IK 


16-115 The equilibrium constant for the reaction H 2 + 1 / / 20 2 — » H 2 0 at 1 atm and 1500°C is given to be K. Of the reactions 
given below, all at 1500°C, the reaction that has a different equilibrium constant is 

(a) H 2 + ] /20 2 — » H 2 0 at 5 atm, 

(b) 2H 2 + 0 2 — » 2H 2 0 at 1 atm, 

(c) H 2 + 0 2 -> H 2 0+ V 2 O 2 at 2 atm, 

(d) H 2 + V 2 O 2 + 3N 2 — > H 2 0+ 3N 2 at 5 atm, 

(e) H 2 + !40 2 + 3N 2 — > H 2 0+ 3N 2 at 1 atm, 

Answer (b) 2H 2 + 0 2 —> 2H 2 0 at 1 atm, 


16-116 Of the reactions given below, the reaction whose equilibrium composition at a specified temperature is not affected 
by pressure is 

(a) H 2 + V 2 O 2 -> H 2 0 

(b) CO + !40 2 C0 2 

(c) N 2 + 0 2 -> 2NO 

(d) N 2 2N 

(e) all of the above. 

Answer (c) N 2 + 0 2 —> 2NO 
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16-117 Of the reactions given below, the reaction whose number of moles of products increases by the addition of inert 
gases into the reaction chamber at constant pressure and temperature is 

(a) H 2 + !40 2 -> H 2 0 

(b) CO + !40 2 -» C0 2 

(c) N 2 + 0 2 ^ 2NO 

(d) N 2 -a 2N 

(e) none of the above. 

Answer (d) N 2 -> 2N 


16-118 Moist air is heated to a very high temperature. If the equilibrium composition consists of H 2 0, 0 2 , N 2 , OH, H 2 , and 
NO, the number of equilibrium constant relations needed to determine the equilibrium composition of the mixture is 

(a) 1 (b) 2 (c) 3 (d) 4 (e) 5 

Answer (c) 3 


16-119 Propane C 3 H 8 is burned with air, and the combustion products consist of C0 2 , CO, H 2 0, 0 2 , N 2 , OH, H 2 , and NO. 
The number of equilibrium constant relations needed to determine the equilibrium composition of the mixture is 

(a) 1 (b) 2 (c) 3 (d) 4 (e) 5 

Answer (d) 4 


16-120 Consider a gas mixture that consists of three components. The number of independent variables that need to be 
specified to fix the state of the mixture is 

(a) 1 (b) 2 (c) 3 (d) 4 (e) 5 

Answer (d) 4 
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16-121 The value of Henry’s constant for CO 2 gas dissolved in water at 290 K is 12.8 MPa. Consider water exposed to air at 
100 kPa that contains 3 percent C0 2 by volume. Under phase equilibrium conditions, the mole fraction of C0 2 gas dissolved 
in water at 290 K is 

(a) 2.3xl0“ 4 (b) 3.0x1 O' 4 (c)0.80xl0 _4 (d)2.2xl0‘ 4 (e)5.6xl0‘ 4 

Answer (a) 2.3x10 4 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


H=12.8 "MPa" 

P=0.1 "MPa" 
y_C02_air=0.03 
P_C02_air=y_C02_air*P 
y_C02_liquid=P_C02_air/H 

"Some Wrong Solutions with Common Mistakes:" 
W1_yC02=P_C02_air*H "Multiplying by H instead of dividing by it" 
W2_yC02=P_C02_air "Taking partial pressure in air" 


16-122 The solubility of nitrogen gas in rubber at 25°C is 0.00156 kmol/m ’-bar. When phase equilibrium is established, the 
density of nitrogen in a rubber piece placed in a nitrogen gas chamber at 300 kPa is 

(a) 0.005 kg/m 3 (b) 0.0 1 8 kg/m 3 (c) 0.047 kg/m 3 (d) 0.13 kg/m 3 (e) 0.28 kg/m 3 

Answer (d) 0.13 kg/m 3 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T=25 "C" 

S=0.001 56 "kmol/bar.m A 3" 

MM„N2=28 "kg/kmol" 

S_mass=S*MM N2 "kg/bar.m A 3" 

P_N2=3 "bar" 
rho_solid=S_mass*P_N2 

"Some Wrong Solutions with Common Mistakes:" 
W1 _density=S*P_N2 "Using solubility per kmol" 


16-123 ... 16-125 Design and Essay Problems 
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Chapter 17 

COMPRESSIBLE FLOW 


PROPRIETARY AND CONFIDENTIAL 
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Stagnation Properties 
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17-1 C No, there is not significant error, because the velocities encountered in air-conditioning applications are very low, 
and thus the static and the stagnation temperatures are practically identical. 

Discussion If the air stream were supersonic, however, the error would indeed be significant. 


17-2C Stagnation enthalpy combines the ordinary enthalpy and the kinetic energy of a fluid, and offers convenience 
when analyzing high-speed flows. It differs from the ordinary enthalpy by the kinetic energy term. 

Discussion Most of the time, we mean specific enthalpy , i.e., enthalpy per unit mass, when we use the term enthalpy. 


17-3C Dynamic temperature is the temperature rise of a fluid during a stagnation process. 

Discussion When a gas decelerates from high speed to zero speed at a stagnation point, the temperature of the gas rises. 


17-4C The temperature of the air rises as it approaches the nose because of the stagnation process. 

Discussion In the frame of reference moving with the aircraft, the air decelerates from high speed to zero at the nose 
(stagnation point), and this causes the air temperature to rise. 


17-5 The inlet stagnation temperature and pressure and the exit stagnation pressure of air flowing through a compressor are 
specified. The power input to the compressor is to be determined. 

Assumptions 1 The compressor is isentropic. 2 Air is an ideal gas. 


Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k= 1.4. 
Analysis The exit stagnation temperature of air T 0 2 is determined from 


^02 -T 0l 


r p x(*-i )/* 

M)2 


V^oi j 


= (300.2 K) 


f 900 a<1 ' 4-1>/1 ' 4 


100 


= 562.4 K 


From the energy balance on the compressor, 
^in =^(*20-*0l) 


or, 


900 kPa 



27°C 


W in = me p (T 02 -T 0 i) = (0.06 kg/s)(l. 005 kJ/kg • K)(562.4 - 300.2)K = 15.8 kW 
Discussion Note that the stagnation properties can be used conveniently in the energy equation. 
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17-6 Air at 320 K is flowing in a duct. The temperature that a stationary probe inserted into the duct will read is to be 
determined for different air velocities. 


Assumptions The stagnation process is isentropic. 


Properties The specific heat of air at room temperature is c p = 1.005 kJ/kg-K. 

Analysis The air which strikes the probe will be brought to a complete stop, and thus it will undergo a stagnation process. 
The thermometer will sense the temperature of this stagnated air, which is the stagnation temperature, T 0 . It is determined 

V 2 

from T 0 = T H . The results for each case are calculated below: 


(a) 


(b) 


(c) 

(d) 


T 0 




To 


= 320 K + 


= 320 K + 


= 320 K + 


= 320 K + 


(1 m/s) 2 

1 kJ/kg 

2x1.005 kJ/kg-K 

J000m 2 /s 2 

(10 m/s) 2 

f 1 kJ/kg 

2x1.005 kJ/kg-K 

L 1 000 m 2 / s 2 

(100 m/s) 2 

f 1 kJ/kg 

2x1.005 kJ/kg-K 

ll000m 2 /s 2 

(1000 m/s) 2 

r 1 kJ/kg 

2x1.005 kJ/kg-K 

U000m 2 /s 2 


= 320.0 K 


= 320.1 K 


= 325.0 K 


= 817.5 K 


~ 7 AIR 
— ► 320 K 
V 



Discussion Note that the stagnation temperature is nearly identical to the thermodynamic temperature at low velocities, but 
the difference between the two is significant at high velocities. 
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17-7 The states of different substances and their velocities are specified. The stagnation temperature and stagnation 
pressures are to be determined. 

Assumptions 1 The stagnation process is isentropic. 2 Helium and nitrogen are ideal gases. 

Analysis (a) Helium can be treated as an ideal gas with c p = 5. 1926 kJ/kg-K and k = 1.667. Then the stagnation temperature 
and pressure of helium are determined from 


T 0 = T + 


XI 

2c" 


= 50°C + 


(240 m/s) 2 
2 x 5. 1926 kJ/kg -°C 


" 1 kJ/kg 

JOOOm 2 /s 2 ) 


= 55.5°C 


P 0 =P 


Tr 


T 


\k/(k- 1 ) , n 1 . 667 /( 1 . 667 - 1 ) 

= (0.25 MPa) 328,7 K ' 
l 323.2 K 


0.261 MPa 


(b) Nitrogen can be treated as an ideal gas with c p = 1.039 kJ/kg-K and k =1.400. Then the stagnation temperature and 
pressure of nitrogen are determined from 


V2 50°Ci ( 300m/s ) 2 ( lkJ/k g ' 

2 c p 2 x 1.039 kJ/kg -°C (lOOOm 2 /s 2 y 


93.3°C 




h 

T 


^k/(k- 1 ) 


= (0.15 MPa) 


366.5 K 
323.2 K 


\ 1 . 4 /( 1 . 4 - 1 ) 


0.233 MPa 


(c) Steam can be treated as an ideal gas with c p = 1.865 kJ/kg-K and k =1.329. Then the stagnation temperature and 
pressure of steam are determined from 


T 0 =T + 


XI 

2c" 


= 350°C + 


(480 m/s) 


2 x 1.865 kJ/kg -°C 


1 kJ/kg 


U 000m 2 /s 2 ) 


= 411 .8°C = 685 K 


P 0 =P 


( T ^k/(k- 1) 

1 c\ 


kT j 


= (0.1 MPa) 


685 K 




1 . 329 /( 1 . 329 - 1 ) 


0.147 MPa 


623.2 

Discussion Note that the stagnation properties can be significantly different than thermodynamic properties. 


17-8 The state of air and its velocity are specified. The stagnation temperature and stagnation pressure of air are to be 
determined. 

Assumptions 1 The stagnation process is isentropic. 2 Air is an ideal gas. 

Properties The properties of air at room temperature are c p = 1.005 kJ/kg-K and k = 1.4. 

Analysis The stagnation temperature of air is determined from 


T 0 =T + 


V 


2c 


= 238 K + 


(470 m/s) 


p 


2x1.005 kJ/kg-K 


1 kJ/kg 


2/2 


1000 m z /s 


= 347.9 K = 348 K 


Other stagnation properties at the specified state are determined by considering an isentropic process between the specified 
state and the stagnation state, 


P 0 =P 


fj ^k/(k-i) 


\T j 


= (36 kPa) 


347.9 K 


1 . 4 /( 1 . 4 - 1 ) 


= 135.9 kPa = 136 kPa 


238 K 

/ 

Discussion Note that the stagnation properties can be significantly different than thermodynamic properties. 
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17-9E Steam flows through a device. The stagnation temperature and pressure of steam and its velocity are specified. The 
static pressure and temperature of the steam are to be determined. 

Assumptions 1 The stagnation process is isentropic. 2 Steam is an ideal gas. 

Properties Steam can be treated as an ideal gas with c p = 0.4455 Btu/lbm-R and k =1.329. 

Analysis The static temperature and pressure of steam are determined from 


T=Tr 


XI 

XX 


= 700°F 


(900 ft/s) 2 

2 x 0.4455 Btu/lbm-°F 


1 Btu/lbm 

25,037 ft 2 /s 


663. 7°F 


P = P 


r T \k/(k- 1) 


V r o J 


= (120 psia) 


r x 123.7 r \ L329/(1 - 329 - 1) 


= 105.5 psia 


1 160 R x 

Discussion Note that the stagnation properties can be significantly different than thermodynamic properties. 


17-10 Air flows through a device. The stagnation temperature and pressure of air and its velocity are specified. The static 
pressure and temperature of air are to be determined. 

Assumptions 1 The stagnation process is isentropic. 2 Air is an ideal gas. 

Properties The properties of air at an anticipated average temperature of 600 K are c p = 1.051 kJ/kg-K and k = 1.376. 
Analysis The static temperature and pressure of air are determined from 


T=Tr 


V 


2c 


= 673.2 


(570 m/s) 


2x1.051 kJ/kg-K 


1 kJ/kg 


U000m 2 /s 2 ) 


= 518.6 K 


and 


^2 “ 


/ N */(*-l) 

1 T 


V r 02 J 


= (0.6 MPa) 


2 518.6 k^ 1376/<1376 - 1) 


= 0.23 MPa 


673.2 K, 

Discussion Note that the stagnation properties can be significantly different than thermodynamic properties. 
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17-11 The inlet stagnation temperature and pressure and the exit stagnation pressure of products of combustion flowing 
through a gas turbine are specified. The power output of the turbine is to be determined. 

Assumptions 1 The expansion process is isentropic. 2 Products of combustion are ideal gases. 


Properties The properties of products of combustion are c p = 1.157 kJ/kg-K, R 
Analysis The exit stagnation temperature T 0 2 is determined to be 


^02 -Toi 


M)2 


V P oi j 


= (1023.2 K) 


pO-33-l )/1.33 


= 577.9 K 


Also, 

c p =kc v =k(c p -R) 


c. 


kR 

~k ^ I 

1.33(0.287 kJ/kg-K) 
1.33-1 


0.287 kJ/kg-K, and k = 1.33. 


1 MPa 
750°C 



= 1. 157 kJ/kg-K 


From the energy balance on the turbine, 

-Wout =( /! 20 ~K\) 


or, w out =c p (T 01 ~T 02 ) = (1.157 kJ/kg-K) (1023.2 -577.9) K= 515.2 kJ/kg = 515 kJ/kg 
Discussion Note that the stagnation properties can be used conveniently in the energy equation. 
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Speed of Sound and Mach Number 


17-12C Sound is an infinitesimally small pressure wave. It is generated by a small disturbance in a medium. It 
travels by wave propagation. Sound waves cannot travel in a vacuum. 

Discussion Electromagnetic waves, like light and radio waves, can travel in a vacuum, but sound cannot. 


17-13C Yes, the propagation of sound waves is nearly isen tropic. Because the amplitude of an ordinary sound wave is 
very small, and it does not cause any significant change in temperature and pressure. 

Discussion No process is truly isentropic, but the increase of entropy due to sound propagation is negligibly small. 


17-14C The sonic speed in a medium depends on the properties of the medium, and it changes as the properties of the 
medium change. 

Discussion The most common example is the change in speed of sound due to temperature change. 


17-15C Sound travels faster in warm (higher temperature) air since c = yjkRT . 

Discussion On the microscopic scale, we can imagine the air molecules moving around at higher speed in warmer air, 
leading to higher propagation of disturbances. 


17-16C Sound travels fastest in helium, since c = yfkRT and helium has the highest kR value. It is about 0.40 for air, 
0.35 for argon, and 3.46 for helium. 

Discussion We are assuming, of course, that these gases behave as ideal gases - a good approximation at room temperature. 


17-17C Air at specified conditions will behave like an ideal gas, and the speed of sound in an ideal gas depends on 
temperature only. Therefore, the speed of sound is the same in both mediums. 

Discussion If the temperature were different, however, the speed of sound would be different. 


17-18C In general, no, because the Mach number also depends on the speed of sound in gas, which depends on the 
temperature of the gas. The Mach number remains constant only if the temperature and the velocity are constant. 

Discussion It turns out that the speed of sound is not a strong function of pressure. In fact, it is not a function of pressure at 
all for an ideal gas. 
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17-19 The Mach number of an aircraft and the speed of sound in air are to be determined at two specified temperatures. 
Assumptions Air is an ideal gas with constant specific heats at room temperature. 

Properties The gas constant of air is R = 0.287 kJ/kg-K. Its specific heat ratio at room temperature is k = 1.4. 

Analysis From the definitions of the speed of sound and the Mach number, 


c = y[kRT = (1.4X0.287 kJ/kg-K)(300K) 


1000m 2 /s 2 
1 kJ/kg 


347 m/s 


. . . V 240 m/s _ . 

and Ma = — = = 0.692 

c 347 m/s 

(b) At 1000 K, 


c = yfkRT = (1.4X0.287 kJ/kg -K)(l 000 K) 


1000m 2 Is 2 
1 kJ/kg 


634 m/s 


V 240 m/s 

Ma = — = 

c 634 m/s 


0.379 


Discussion Note that a constant Mach number does not necessarily indicate constant speed. The Mach number of a rocket, 
for example, will be increasing even when it ascends at constant speed. Also, the specific heat ratio k changes with 
temperature, and the accuracy of the result at 1000 K can be improved by using the k value at that temperature (it would 
give k = 1.386, c = 619 m/s, and Ma = 0.388). 
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17-20 Carbon dioxide flows through a nozzle. The inlet temperature and velocity and the exit temperature of CO 2 are 
specified. The Mach number is to be determined at the inlet and exit of the nozzle. 

Assumptions 1 C0 2 is an ideal gas with constant specific heats at room temperature. 2 This is a steady-flow process. 

Properties The gas constant of carbon dioxide is R = 0.1889 kJ/kg-K. Its constant pressure specific heat and specific heat 
ratio at room temperature are c p = 0.8439 kJ/kg-K and k = 1.288. 

Analysis (a) At the inlet 


f 22^ 

q =Jk l RT l = (1.288)(0.1889 kJ/kg -K)(l 200 K) 1QQQm _ /s _ =540.3m/s 

V 1 kJ/k § 


Thus, 


Maj = 


50 m/s 
540.3 m/s 


= 0.0925 


1200 K 
50 m/s 


Carbon 

dioxide 


400 K 


(b) At the exit, 


c 2 - Jk 2 RT 2 = (1.288X0.1 889 kJ/kg • K)(400 K) 


1000 m 2 /s 2 
1 kJ/kg 


= 312.0 m/s 


The nozzle exit velocity is determined from the steady- flow energy balance relation, 

n , , .'T-C ^ n t ,,V 2 2 -V 1 2 

0-h 2 ~h l -\- - -> 0 - c p (T 2 ~T X ) + - 


0 = (0.8439 kJ/kg • K)(400 - 1200 K) + 


y 2 2 -(50 m/s) 


1 kJ/kg 
1000m 2 /s 2 


Vo = 11 63 m/s 


Thus, 


Ma 2 = 


V 2 _ 11 63 m/s 
Co 3 12 m/s 


= 3.73 


Discussion The specific heats and their ratio k change with temperature, and the accuracy of the results can be improved by 
accounting for this variation. Using EES (or another property database): 

At 1200 K: c p = 1.278 kJ/kg-K, k= 1.173 c, = 516 m/s, E, = 50 m/s, Ma t = 0.0969 

At 400 K: c p = 0.9383 kJ/kg-K, k= 1.252 -> c 2 = 308 m/s, V 2 = 1356 m/s, Ma 2 = 4.41 

Therefore, the constant specific heat assumption results in an error of 4 . 5 % at the inlet and 15 . 5 % at the exit in the Mach 
number, which are significant. 
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17-21 Nitrogen flows through a heat exchanger. The inlet temperature, pressure, and velocity and the exit pressure and 
velocity are specified. The Mach number is to be determined at the inlet and exit of the heat exchanger. 

Assumptions 1 N 2 is an ideal gas. 2 This is a steady-flow process. 3 The potential energy change is negligible. 

Properties The gas constant of N 2 is R = 0.2968 kJ/kg-K. Its constant pressure specific heat and specific heat ratio at room 
temperature are c p = 1.040 kJ/kg-K and k = 1.4. 

Analysis 


Cl = ^k x RT x = (1.400X0.2968 kJ/kg • K)(283 K) 


A 1000m 2 /s 2 ^ 


1 kJ/kg 


= 342.9 m/s 


Thus, 


Maj 


Yi 

c \ 


100 m/s 
342.9 m/s 


0.292 


From the energy balance on the heat exchanger, 


4in 


= c p (T 2 -T l ) 




150 kPa 
10°C 
100 m/s 


120 kJ/kg 


/ 

Nitrogen 


100 kPa 
200 m/s 


120 kJ/kg = (1.040 kJ/kg.°C)(r 2 


10°C) + 


(200 m/s) 2 -(100m/s) 2 
2 


' 1 kJ/kg ' 

vl000 m 2 /s 2 y 


It yields 

T 2 = 111°C = 384K 


c 2 ~ 2^2 ~ 


1 


(1.4)(0.2968 kJ/kg • K)(384 K) 


1000m 2 /s 
1 kJ/kg 


= 399 m/s 


Thus, 


Ma 2 = 


V 2 _ 200 m/s 
Co 399 m/s 


= 0.501 


Discussion The specific heats and their ratio k change with temperature, and the accuracy of the results can be improved by 
accounting for this variation. Using EES (or another property database): 

At 10°C : c p = 1.038 kJ/kg-K, k = 1.400 -> c x = 343 m/s, V\ = 100 m/s, Ma, = 0.292 

At 11 1°C c p = 1.041 kJ/kg-K, k= 1.399 -A c 2 = 399 m/s, V 2 = 200 m/s, Ma 2 = 0.501 

Therefore, the constant specific heat assumption results in an error of 4.5 % at the inlet and 15.5 % at the exit in the Mach 
number, which are almost identical to the values obtained assuming constant specific heats. 


17-22 The speed of sound in refrigerant- 134a at a specified state is to be determined. 

Assumptions R-134a is an ideal gas with constant specific heats at room temperature. 

Properties The gas constant of R- 134a is R = 0.08149 kJ/kg-K. Its specific heat ratio at room temperature is k 
Analysis From the ideal-gas speed of sound relation, 


c = 4kRT = 


K 


(1.108X0.08149 kJ/kg • K)(60+ 273 K) 


^lOOOm 2 /s 2 ^ 


1 kJ/kg 


173 m/s 


1.108. 


Discusion Note that the speed of sound is independent of pressure for ideal gases. 
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17-23 The Mach number of a passenger plane for specified limiting operating conditions is to be determined. 
Assumptions Air is an ideal gas with constant specific heats at room temperature. 

Properties The gas constant of air is R = 0.287 kJ/kg-K. Its specific heat ratio at room temperature is k = 1.4. 
Analysis From the speed of sound relation 


c = -JkRT = 


(1.4)(0.287 kJ/kg • K)(-60 + 273 K) 


A 1000m 2 /s 2 ^ 


= 293 m/s 


f ' ~ " \ 1 kJ/kg 

Thus, the Mach number corresponding to the maximum cruising speed of the plane is 


__ F (945/ 3.6) m/s _ n __ 

Ma = -2522L = 2 L = 0.897 

c 293 m/s 

Discussion Note that this is a subsonic flight since Ma < 1 . Also, using a k value at -60°C would give practically the same 
result. 


17-24E Steam flows through a device at a specified state and velocity. The Mach number of steam is to be determined 
assuming ideal gas behavior. 

Assumptions Steam is an ideal gas with constant specific heats. 

Properties The gas constant of steam is R = 0.1 102 Btu/lbm-R. Its specific heat ratio is given to be k = 1.3. 

Analysis From the ideal-gas speed of sound relation, 


c = 4kRT = 


K 


(1.3)(0.1102 Btu/lbm • R)( 1 1 60 R) 


/ 25,037 ft 2 /s 2 ^ 

1 Btu/lbm 


= 2040 ft/s 


Thus, 



900 ft/s 
2040 ft/s 


0.441 


Discussion Using property data from steam tables and not assuming ideal gas behavior, it can be shown that the Mach 
number in steam at the specified state is 0.446, which is sufficiently close to the ideal-gas value of 0.441. Therefore, the 
ideal gas approximation is a reasonable one in this case. 
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17-25E 



Problem 17-24E is reconsidered. The variation of Mach number with temperature as the temperature 


changes between 350° and 700°F is to be investigated, and the results are to be plotted. 


Analysis The EES Equations window is printed below, along with the tabulated and plotted results. 


T=T emperature+460 
R=0.1 102 
V=900 
k= 1.3 

c=SQRT(k*R*T*25037) 



Temperature, 
T, T 

Mach number 
Ma 

350 

0.528 

375 

0.520 

400 

0.512 

425 

0.505 

450 

0.498 

475 

0.491 

500 

0.485 

525 

0.479 

550 

0.473 

575 

0.467 

600 

0.462 

625 

0.456 

650 

0.451 

675 

0.446 

700 

0.441 


Discussion Note that for a specified flow speed, the Mach number decreases with increasing temperature, as expected. 


17-26 The expression for the speed of sound for an ideal gas is to be obtained using the isentropic process equation and the 
definition of the speed of sound. 

Analysis The isentropic relation Pv k = A where A is a constant can also be expressed as 


P = A 


r i \ k 
KvJ 


= Ap‘ 


Substituting it into the relation for the speed of sound, 


2 

C = 


f 


r d{A P ) k \ 

U/v 

s 

l d p J 


= kAp k ~ l = k(Ap k ) I p = k(P I p) = kRT 


since for an ideal gas P = pRT or RT= PI p. Therefore, 


= *JkRT 


, which is the desired relation. 


Discussion Notice that pressure has dropped out; the speed of sound in an ideal gas is not a function of pressure. 
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17-27 The inlet state and the exit pressure of air are given for an isentropic expansion process. The ratio of the initial to the 
final speed of sound is to be determined. 

Assumptions Air is an ideal gas with constant specific heats at room temperature. 

Properties The properties of air are R = 0.287 kJ/kg-K and k = 1.4. The specific heat ratio k varies with temperature, but in 
our case this change is very small and can be disregarded. 

Analysis The final temperature of air is determined from the isentropic relation of ideal gases, 


T 2 = T \ 


r p x(*-i )/k 


V^i J 


= (333.2 K) 


0.4 MPa 


(1.4-1)/ 1.4 


= 228.4 K 


1.5 MPa 

Treating k as a constant, the ratio of the initial to the final speed of sound can be expressed as 


c 2 


Jk l RT l 

Ratio = ^ = V 1 ' 

y]k 2 RT 


T\ V 333.2 

•n/228.4 


1.21 


Discussion Note that the speed of sound is proportional to the square root of thermodynamic temperature. 


17-28 The inlet state and the exit pressure of helium are given for an isentropic expansion process. The ratio of the initial to 
the final speed of sound is to be determined. 

Assumptions Helium is an ideal gas with constant specific heats at room temperature. 

Properties The properties of helium are R = 2.0769 kJ/kg-K and k = 1.667. 

Analysis The final temperature of helium is determined from the isentropic relation of ideal gases, 

(1.667-1)/ 1.667 


T 2 = T \ 


r p \ (*-i)/* 


k p \ J 


= (333.2 K) 


0.4 

1.5 


= 196.3 K 


The ratio of the initial to the final speed of sound can be expressed as 


c 2 


Jk ] RT l 

Ratio = ^ = ' 

^i 


T\ V333.2 
-s/l 96.3 


1.30 


Discussion Note that the speed of sound is proportional to the square root of thermodynamic temperature. 
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17-29E The inlet state and the exit pressure of air are given for an isentropic expansion process. The ratio of the initial to 
the final speed of sound is to be determined. 

Assumptions Air is an ideal gas with constant specific heats at room temperature. 

Properties The properties of air are R = 0.06855 Btu/lbm-R and k= 1.4. The specific heat ratio k varies with temperature, 
but in our case this change is very small and can be disregarded. 

Analysis The final temperature of air is determined from the isentropic relation of ideal gases, 


T 2 = T \ 


r p 


\ p \ J 


C \ 


= (659.7 R) 


60 

vl70 J 


(1.4-1)/1.4 


= 489.9 R 


Treating k as a constant, the ratio of the initial to the final speed of sound can be expressed as 
Ratio 

q Jk 2 RT 2 ^ V48^9 

Discussion Note that the speed of sound is proportional to the square root of thermodynamic temperature. 
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One Dimensional Isentropic Flow 

17-30C (a) The velocity increases, (b), (c), (d) The temperature, pressure, and density of the fluid decrease. 
Discussion The velocity increase is opposite to what happens in supersonic flow. 


17-31C ( a ) The velocity decreases, (b), (c), (d) The temperature, pressure, and density of the fluid increase. 
Discussion The velocity decrease is opposite to what happens in supersonic flow. 


17-32C (a) The exit velocity remains constant at sonic speed, (b) the mass flow rate through the nozzle decreases 
because of the reduced flow area. 

Discussion Without a diverging portion of the nozzle, a converging nozzle is limited to sonic velocity at the exit. 


17-33C (a) The velocity decreases. (/?), (c), (d) The temperature, pressure, and density of the fluid increase. 
Discussion The velocity decrease is opposite to what happens in subsonic flow. 


17-34C (a) The velocity increases, (b), (c), (d) The temperature, pressure, and density of the fluid decrease. 
Discussion The velocity increase is opposite to what happens in subsonic flow. 


17-35C The pressures at the two throats are identical. 

Discussion Since the gas has the same stagnation conditions, it also has the same sonic conditions at the throat. 


17-36C No, it is not possible. 

Discussion The only way to do it is to have first a converging nozzle, and then a diverging nozzle. 
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17-37 The Mach number of scramjet and the air temperature are given. The speed of the engine is to be determined. 
Assumptions Air is an ideal gas with constant specific heats at room temperature. 

Properties The gas constant of air is R = 0.287 kJ/kg-K. Its specific heat ratio at room temperature is k = 1.4. 
Analysis The temperature is -20 + 273.15 = 253.15 K. The speed of sound is 


c = Juif = (1.4)(0.287 kJ/kg-K)(253. 15 K) 


1000 m 2 /s 
1 kJ/kg 


= 318.93 m/s 


and 


V = cMa = (318.93 m/s)(7) 


3.6 km/h 
1 m/s 


= 8037 km/h = 8040 km/h 


Discussion Note that extremely high speed can be achieved with scramjet engines. We cannot justify more than three 
significant digits in a problem like this. 


17-38E The Mach number of scramjet and the air temperature are given. The speed of the engine is to be determined. 
Assumptions Air is an ideal gas with constant specific heats at room temperature. 

Properties The gas constant of air is R = 0.06855 Btu/lbm-R. Its specific heat ratio at room temperature is k = 1.4 . 
Analysis The temperature is 0 + 459.67 = 459.67 R. The speed of sound is 


c = 4kRT = „ (1 .4)(0. 06855 Btu/lbm • R)(459.67 R) 


25,037 ft 2 /s : 

1 Btu/lbm 


= 1050.95 ft/s 


and 


V = cMa = 


(1050.95 ft/s)(7) 


' 1 mi/h ' 

v 1.46667 ft/s. 


= 5015.9 mi/h = 5020 mi/h 


Discussion Note that extremely high speed can be achieved with scramjet engines. We cannot justify more than three 
significant digits in a problem like this. 
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17-39 The speed of an airplane and the air temperature are give. It is to be determined if the speed of this airplane is 
subsonic or supersonic. 

Assumptions Air is an ideal gas with constant specific heats at room temperature. 

Properties The gas constant of air is R = 0.287 kJ/kg-K. Its specific heat ratio at room temperature is k = 1.4. 
Analysis The temperature is -50 + 273.15 = 223.15 K. The speed of sound is 

c = JkRT = 

and 


'(1 .4)(0.287 kJ/kg -K)(223.15 K) 


G000 nr /s 2 v 


1 kJ/kg 


3.6 km/h 
1 m/s 


= 1077.97 km/h 


Ma = — = 


920 km/h 


= 0.85346 = 0.853 


c 1077.97 km/h 

The speed of the airplane is subsonic since the Mach number is less than 1 . 

Discussion Subsonic airplanes stay sufficiently far from the Mach number of 1 
transonic flights. 


to avoid the instabilities associated with 
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17-40 The critical temperature, pressure, and density of air and helium are to be determined at specified conditions. 
Assumptions Air and Helium are ideal gases with constant specific heats at room temperature. 

Properties The properties of air at room temperature are R = 0.287 kJ/kg-K, k = 1.4, and c p = 1.005 kJ/kg-K. The properties 
of helium at room temperature are R = 2.0769 kJ/kg-K, k = 1.667, and c p = 5.1926 kJ/kg-K. 

Analysis (a) Before we calculate the critical temperature 7*, pressure P*, and density pP 9 we need to determine the 
stagnation temperature T 0 , pressure P 0 , and density p 0 . 


7k = 100°C + = 100 + 


(250 m/s) 


2x1.005 kJ/kg • °C v 1 000 m / s 


1 kJ/kg 


2 / 2 


= 131.1°C 


p 0 =p 


k/(k- 1) 


= (200 kPa) 


404.3 K 
373.2 K 


1. 4/(1. 4-1) 


= 264.7 kPa 


P o = 


P 0 264.7 kPa 

RT 0 (0.287 kPa ■ m 3 /kg • K)(404.3 K) 


= 2.281 kg/m 


Thus, 


T* = T r 


k + l 


= (404.3 K) 


1.4 + 1 


337 K 


P* = Pn 


k + l 


k/(k- 1) 


= (264.7 kPa) 


1.4 + 1 


1 .4/(1 .4-1) 


= 140 kPa 




k + l 


? \ I/O- 4-1) 

= (2.281 kg/m 3 )| =1.45 kg/m 3 


(b) For helium, P 0 = T H = 40 + 


(300 m/s) 


2c 2x5.1926 kJ/kg ■ °C U 000 m 2 /s 2 


1 kJ/kg 


= 48.7°C 


p 0 =p 


k/(k- 1) 


= (200 kPa) 


321.9 K 
313.2 K 


1.667/(1.667-1) 


= 214.2 kPa 


P o = 


P 0 _ 214.2 kPa 

RT 0 ~ (2.0769kPa-m 3 /kg-K)(321.9K) 


= 0.320 kg/m 


Thus, 


P* = Pr 


k + l 


= (321.9 K) 


1.667 + 1 


241 K 


P* = Pn 


k + l 


k/(k-\) 


= (214.2 kPa) 


1.667 + 1 


1.667/(1.667-1) 


= 104.3 kPa 


/ 2 y /(*-!) / 2 x 1/(1.667-1) 

P* = Po TT7 ~ (0-320 kg/m 3 ) ~ 

k + 1 / 1.667 + 1 y 


= 0.208 kg/m 


Discussion These are the temperature, pressure, and density values that will occur at the throat when the flow past the throat 
is supersonic. 
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17-41 Quiescent carbon dioxide at a given state is accelerated isentropically to a specified Mach number. The temperature 
and pressure of the carbon dioxide after acceleration are to be determined. 

Assumptions Carbon dioxide is an ideal gas with constant specific heats at room temperature. 

Properties The specific heat ratio of the carbon dioxide at room temperature is k = 1.288. 

Analysis The inlet temperature and pressure in this case is equivalent to the stagnation temperature and pressure since the 
inlet velocity of the carbon dioxide is said to be negligible. That is, Tq = T\ = 400 K and P 0 = P\ = 1200 kPa. Then, 


T=T„ 


2 


2 + (k-l)Ma 


A ( 

= (600 K) 1 


J 


2 


2+(1.288-l)(0.6) : 


= 570.43 K = 570K 


and 


P = P, 


{ T 

\ T oj 


c 


- (1200 kPa) 


V 


570.43 K 
600 K 


\ 1 . 288 /( 1 . 288 - 1 ) 


= 957.23 K = 957 


Discussion Note that both the pressure and temperature drop as the gas is accelerated as 
gas is converted to kinetic energy. 


kPa 

part of the internal energy of the 


17-42 Air enters a converging-diverging nozzle at specified conditions. The lowest pressure that can be obtained at the 
throat of the nozzle is to be determined. 

Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 Flow through the nozzle is steady, 
one-dimensional, and isentropic. 

Properties The specific heat ratio of air at room temperature is k = 1.4. 

Analysis The lowest pressure that can be obtained at the throat is the critical pressure P*, which is determined from 


P* = Pn 


Jfc + 1 


>^/(*-i) r 

— (800 kPa) 


1.4 + 1 


1.47(1.4-1) 


423 kPa 


Discussion This is the pressure that occurs at the throat when the flow past the throat is supersonic. 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



17-20 


17-43 Helium enters a converging-diverging nozzle at specified conditions. The lowest temperature and pressure that can 
be obtained at the throat of the nozzle are to be determined. 


Assumptions 1 Helium is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, 
and isentropic. 

Properties The properties of helium are k = 1.667 and c p = 5.1926 kJ/kg-K. 

Analysis The lowest temperature and pressure that can be obtained at the throat are the critical temperature T* and critical 
pressure P*. First we determine the stagnation temperature To and stagnation pressure Pq, 


r 0 =r + 


v_ 

2c 


= 800 K + 


p 


(100m/s) 2 
2x5.1926kJ/kg-°C 


1 kJ/kg 
1000 m 2 /s 


= 801K 



( 


(0.7 MPa)|^ 


801 

800 K j 


1.667/(1.667-1) 


= 0.702 MPa 



Thus, 


T* = T n I — 1 = (801k/ 


k + 1 


2 


1.667 + 1 


601 K 


and 


P* = Pr 


r 2 \ k/( A~ x "> 


Jfc + 1 


= (0.702 MPa) 


2 


A 


1.667 + 1 


1.667/(1.667-1) 


= 0.342 MPa 


Discussion These are the temperature and pressure that will occur at the throat when the flow past the throat is supersonic. 
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17-44 Air flows through a duct. The state of the air and its Mach number are specified. The velocity and the stagnation 
pressure, temperature, and density of the air are to be determined. 

Assumptions Air is an ideal gas with constant specific heats at room temperature. 

Properties The properties of air at room temperature are R = 0.287 kPa.m 3 /kg.K and k = 1.4. 

Analysis The speed of sound in air at the specified conditions is 


c = 4kRT 


i 


(1.4)(0.287 kJ/kg • K)(373.2 K) 


1000m 2 /s 2 '' 
1 kJ/kg , 


387.2 m/s 


Thus, 

V = Ma x c = (0.8)(387.2 m/s) = 310 m/s 


Also, 



200 kPa 

(0.287 kPa • m Vkg • K)(373.2 K) 


1.867 kg/m 3 


AIR ► 


Then the stagnation properties are determined from 


T 0 =T 


f (& -l)Ma 2 ^ 
1 +- 


= (373.2 K) 


\ (1.4-1)(0.8) 2 A 


P 0 =P 


r \ k /(k-l) 

yo 


= (200 kPa) 


421.0 K 
373.2 K 


2 

1 . 47 ( 1 . 4 - 1 ) 


421 K 


305 kPa 


Po =P 


f r r \ 

1 0 

T 




= (1.867 kg/m 3 ) 


A 421.0 K^ 1/(L4 1} 


373.2 K 


2.52 kg/m 


Discussion Note that both the pressure and temperature drop as the gas is accelerated as part of the internal energy of the 
gas is converted to kinetic energy. 
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17-45 



Problem 17-44 is reconsidered. The effect of Mach number on the velocity and stagnation properties as the Ma 


is varied from 0.1 to 2 are to be investigated, and the results are to be plotted. 

Analysis The EES Equations window is printed below, along with the tabulated and plotted results. 


P=200 

T= 100+273. 15 

R=0.287 

k=1.4 

c=SQRT(k*R*T* 1000) 

Ma=V/c 

rho=P/(R*T) 

"Stagnation properties" 

T 0=T* ( 1 +(k- 1 ) *Ma A 2/2) 
P0=P*(T0/T) A (k/(k-l)) 
rho0=rho*(T0/T) A ( l/(k- 1 )) 



Mach num. 
Ma 

Velocity, 
V , m/s 

Stag. Temp, 
To, K 

Stag. Press, 
To, kPa 

Stag. Density, 
Pa, kg/m 3 

0.1 

38.7 

373.9 

201.4 

1.877 

0.2 

11 A 

376.1 

205.7 

1.905 

0.3 

116.2 

379.9 

212.9 

1.953 

0.4 

154.9 

385.1 

223.3 

2.021 

0.5 

193.6 

391.8 

237.2 

2.110 

0.6 

232.3 

400.0 

255.1 

2.222 

0.7 

271.0 

409.7 

277.4 

2.359 

0.8 

309.8 

420.9 

304.9 

2.524 

0.9 

348.5 

433.6 

338.3 

2.718 

1.0 

387.2 

447.8 

378.6 

2.946 

1.1 

425.9 

463.5 

427.0 

3.210 

1.2 

464.7 

480.6 

485.0 

3.516 

1.3 

503.4 

499.3 

554.1 

3.867 

1.4 

542.1 

519.4 

636.5 

4.269 

1.5 

580.8 

541.1 

734.2 

4.728 

1.6 

619.5 

564.2 

850.1 

5.250 

1.7 

658.3 

588.8 

987.2 

5.842 

1.8 

697.0 

615.0 

1149.2 

6.511 

1.9 

735.7 

642.6 

1340.1 

7.267 

2.0 

774.4 

671.7 

1564.9 

8.118 


Discussion Note that as Mach number increases, so does the flow velocity and stagnation temperature, pressure, and 
density. 
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17-46 An aircraft is designed to cruise at a given Mach number, elevation, and the atmospheric temperature. The stagnation 
temperature on the leading edge of the wing is to be determined. 

Assumptions Air is an ideal gas with constant specific heats at room temperature. 

Properties The properties of air are R = 0.287 kPa.mVkg.K, c p = 1.005 kJ/kg-K, and k = 1.4 . 

Analysis The speed of sound in air at the specified conditions is 


c = -JkRT = 


1 


(1 .4X0.287 kJ/kg • K)(236. 15 K) 


1000 m 2 /s 2 ^ 
1 kJ/kg , 


= 308.0 m/s 


Thus, 

V - Maxc = (1.4)(308.0m/s) = 43 1.2 m/s 


Then, 


T 0 =T + 


V 


2c 


-236.15 


(43 1.2 m/s) 


2x1.005 kJ/kg-K 


1 kJ/kg 


UOOOm 2 /s 2 ) 


= 329 K 


Discussion Note that the temperature of a gas increases during a stagnation process as the kinetic energy is converted to 
enthalpy. 


17-47E Air flows through a duct at a specified state and Mach number. The velocity and the stagnation pressure, 
temperature, and density of the air are to be determined. 

Assumptions Air is an ideal gas with constant specific heats at room temperature. 

Properties The properties of air are R = 0.06855 Btu/lbm-R = 0.3704 psia-ftVlbm-R and k = 1.4. 

Analysis First, T= 320 + 459.67 = 779.67 K. The speed of sound in air at the specified conditions is 


c = \fkRT = 4 (1.4X0.06855 Btu/lbm- R)(779.67 R) 


25,037 ft 2 /s : 

1 Btu/lbm 


-1368.72 ft/s 


Thus, 


Also, 


V = Ma x c - (0.7)(1368.72 ft/s) - 958.10 = 958 ft/s 


P = 


P 


25 psia 


RT (0.3704 psia • ft71bm • R)(779.67 R) 


-0.086568 lbm/ft 


Then the stagnation properties are determined from 


r 


T =T 
A o 1 


p =p 

r o 1 


Po=P 


1 + 


(ifc-l)Ma 


2 \ 


k 

h 

kT j 

L 


2 


= (779.67 R) 


1 + 


(1 -4-1X0. 7) 


2 


2 5 


J 


= 856.08 R = 856 R 


(rj, \k/(k~l) 

0_ 

T 


f Nl/(t-l) 


= (25 psia) 


^ 856.08 rV- 4/(m_1) 


779.67 R 


-34.678 psia = 34.7 psia 


-(0.08656 lbm/ft 3 ) 


f 856.08 R^ 1 ' 11 ' 4 ' 1 ’ 


= 0.10936 lbm/ft 3 =0.109 lbm/ft : 


779.67 R. 

Discussion Note that the temperature, pressure, and density of a gas increases during a stagnation process. 
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Isentropic Flow Through Nozzles 


17-48C The fluid would accelerate even further instead of decelerating. 
Discussion This is the opposite of what would happen in subsonic flow. 


17-49C The fluid would accelerate even further, as desired. 
Discussion This is the opposite of what would happen in subsonic flow. 


17-50C (a) The exit velocity reaches the sonic speed, (b) the exit pressure equals the critical pressure, and (c) the 
mass flow rate reaches the maximum value. 

Discussion In such a case, we say that the flow is choked. 


17-51C (a) No effect on velocity, (b) No effect on pressure, (c) No effect on mass flow rate. 

Discussion In this situation, the flow is already choked initially, so further lowering of the back pressure does not change 
anything upstream of the nozzle exit plane. 


17-52C If the back pressure is low enough so that sonic conditions exist at the throats, the mass flow rates in the two 
nozzles would be identical. However, if the flow is not sonic at the throat, the mass flow rate through the nozzle with 
the diverging section would be greater, because it acts like a subsonic diffuser. 

Discussion Once the flow is choked at the throat, whatever happens downstream is irrelevant to the flow upstream of the 
throat. 


17-53C Maximum flow rate through a converging nozzle is achieved when Ma = 1 at the exit of a nozzle. For all other Ma 
values the mass flow rate decreases. Therefore, the mass flow rate would decrease if hypersonic velocities were 
achieved at the throat of a converging nozzle. 

Discussion Note that this is not possible unless the flow upstream of the converging nozzle is already hypersonic. 


17-54C Ma* is the local velocity non-dimensionalized with respect to the sonic speed at the throat, whereas Ma is the 
local velocity non-dimensionalized with respect to the local sonic speed. 

Discussion The two are identical at the throat when the flow is choked. 


17-55C ( a ) The velocity decreases, (b) the pressure increases, and (c) the mass flow rate remains the same. 
Discussion Qualitatively, this is the same as what we are used to (in previous chapters) for incompressible flow. 
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17-56C No, if the flow in the throat is subsonic. If the velocity at the throat is subsonic, the diverging section would act 
like a diffuser and decelerate the flow. Yes, if the flow in the throat is already supersonic, the diverging section would 
accelerate the flow to even higher Mach number. 

Discussion In duct flow, the latter situation is not possible unless a second converging-diverging portion of the duct is 
located upstream, and there is sufficient pressure difference to choke the flow in the upstream throat. 


17-57 It is to be explained why the maximum flow rate per unit area for a given ideal gas depends only on P 0 / . Also 

for an ideal gas, a relation is to be obtained for the constant a in ra max / A * = a[p o / 

Properties The properties of the ideal gas considered are R = 0.287 kPa.m 3 /kg-K and k = 1.4. 

Analysis The maximum flow rate is given by 


m 


max 


= A*P 0 JdRT c 


/ 2 y* +i ) /2 (*-i) 


k + i 


or 


><ax / = {Po / 7 7 

\k + 1 


2 \(k+l)/2(k-l) 

/ 


For a given gas, k and R are fixed, and thus the mass flow rate depends on the parameter P 0 / . Thus, m max I A * can be 

expressed as ra max / A* = a(p 0 / -JTo) where 


a 


= JUr 


f 2 ) 

(*+l)/2(*-l) 

A 1 

1.4 

f 2 } 

+ ly 

1 (0.287 kJ/kg.K) 

f 1000 m 2 /s 2 ^ 

V 1.4 + 1 J 


v 1 kJ/kg y 



2 . 4 / 0. 8 


= 0.0404 (m/s)VK 


Discussion Note that when sonic conditions exist at a throat of known cross-sectional area, the mass flow rate is fixed by 
the stagnation conditions. 


17-58 For an ideal gas, an expression is to be obtained for the ratio of the speed of sound where Ma = 1 to the speed of 
sound based on the stagnation temperature, c*/c 0 . 

Analysis For an ideal gas the speed of sound is expressed as c = y JkRT . Thus, 


c 


* 


C r 


JkRT'- 

A RT » 


/ \ 1/2 
I t 4 ? ' 


T 

V i o j 


( 2 } 


1/2 


fr + 1 


Discussion Note that a speed of sound changes the flow as the temperature changes. 
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17-59 Air enters a converging-diverging nozzle at a specified pressure. The back pressure that will result in a specified exit 
Mach number is to be determined. 


Assumptions 1 Air is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, and 
isentropic. 


Properties The specific heat ratio of air is k = 1.4. 

Analysis The stagnation pressure in this case is identical to the inlet 
pressure since the inlet velocity is negligible. It remains constant 
throughout the nozzle since the flow is isentropic, 

P 0 = P l = 1.2 MPa 

From Table A-32 at Ma c =1.8, we read P c /Po = 0.1740. 



0 


AIR 




1.8 


Thus, 

P = 0.1740P 0 = 0.1740(1.2 MPa) = 0.209 MPa 

Discussion If we solve this problem using the relations for compressible isentropic flow, the results would be identical. 
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17-60 Air enters a nozzle at specified temperature, pressure, and velocity. The exit pressure, exit temperature, and exit-to- 
inlet area ratio are to be determined for a Mach number of Ma = 1 at the exit. 


Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 Flow through the nozzle is steady, 
one-dimensional, and isentropic. 

Properties The properties of air are k = 1.4 and c p = 1.005 kJ/kg-K. 

Analysis The properties of the fluid at the location where Ma = 1 are the critical properties, denoted by superscript *. We 
first determine the stagnation temperature and pressure, which remain constant throughout the nozzle since the flow is 
isentropic. 


T 0 =7) +-^ = 420 K+ ( 150m/s ) 
2c_ 


2x1.005 kJ/kg-K 


1 kJ/kg 


2 / 2 


1000 m /s 


= 431.194 K 


and 


P = P 

r o r i 


f T \W-\) 

£o 


c 


= (0.6 MPa) 


V 


431.194 K 
420 K 


n 1.4/(1.4-1) 


= 0.65786 MPa 



From Table A-32 (or from Eqs. 17-18 and 17-19) at Ma = 1, we read T/T 0 = 0.8333, P/P 0 = 0.5283. Thus, 
7=0.83337),= 0.8333(431.194 K) = 359.31 K « 359 K 
and 

P = 0.52837’,, = 0.5283(0.65786 MPa) = 0.34754 MPa * 0.348 MPa = 348 kPa 


Also, 


Cj = V kRT , = 4 (1.4)(0.287 kJ/kg • K)(420 K) 


^ 1 000 m 2 / s 2 ^ 
1 kJ/kg 


= 410.799 m/s 


and 



V, 

c i 


150 nVs =0.3651 
410.799 m/s 


From Table A-32 at this Mach number we read A, /A* = 1 .7452. Thus the ratio of the throat area to the nozzle inlet area is 

4 1 

— = = 0.57300 = 0.573 

A, 1 .7452 

Discussion We can also solve this problem using the relations for compressible isentropic flow. The results would be 
identical. 
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17-61 Air enters a nozzle at specified temperature and pressure with low velocity. The exit pressure, exit temperature, and 
exit-to-inlet area ratio are to be determined for a Mach number of Ma = 1 at the exit. 

Assumptions 1 Air is an ideal gas. 2 Flow through the nozzle is steady, one-dimensional, and isentropic. 

Properties The specific heat ratio of air is k = 1.4. 

Analysis The properties of the fluid at the location where Ma = 1 are the critical 
properties, denoted by superscript *. The stagnation temperature and pressure in this 
case are identical to the inlet temperature and pressure since the inlet velocity is 
negligible. They remain constant throughout the nozzle since the flow is isentropic. 

ro = ri=350 K and P 0 = P { = 0.2 MPa 

From Table A-32 (or from Eqs. 17-18 and 17-19) at Ma =1, we read T/T 0 =0.8333, P/P 0 = 0.5283. 

Thus, 

T= 0.8333T 0 = 0.8333(350 K) = 292 K 
and 



P = 0.5283Po = 0.5283(0.2 MPa) = 0.106 MPa 

The Mach number at the nozzle inlet is Ma = 0 since V, = 0. From Table A-32 at this Mach number we read Aj/A* = oo. 

A * 1 

Thus the ratio of the throat area to the nozzle inlet area is = — = 0 . 

A,. oo 


Discussion If we solve this problem using the relations for compressible isentropic flow, the results would be identical. 
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17-62E Air enters a nozzle at specified temperature, pressure, and velocity. The exit pressure, exit temperature, and exit- 
to-inlet area ratio are to be determined for a Mach number of Ma = 1 at the exit. 


Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 Flow through the nozzle is steady, 
one-dimensional, and isentropic. 


Properties The properties of air are k = 1.4 and c p = 0.240 Btu/lbm-R (Table A-2Ea). 


Analysis The properties of the fluid at the location where Ma =1 are the critical properties, denoted by superscript *. We 
first determine the stagnation temperature and pressure, which remain constant throughout the nozzle since the flow is 
isentropic. 


T 0 =T + 


Xl 

2c 


= 630 R 


(450 ft/s) 2 

2 x 0.240 Btu/lbm • R 


1 Btu/lbm 

25,037ft 2 / s 2 


= 646.9 R 


P 0 -P; 


X ^k/(k- 1) 

1 0 




= (30psia) 


' 646.9 k^ 1 - 4/(1 ' 4 - 1) 


V 


630 K 


= 32.9psia 


J 



From Table A-32 (or from Eqs. 17-18 and 17-19) at Ma =1, we read T/T 0 =0.8333, P/P 0 = 0.5283. 


Thus, 


and 


Also, 


T= 0.83337)) = 0.8333(646.9 R) = 539 R 
P = 0.5283 P 0 = 0.5283(32.9 psia) = 17.4 psia 


c, =4kRT i = (1.4)(0. 06855 Btu/lbm • R)(630 R) 


^25,037 ft 2 / s 2 ^ 

1 Btu/lbm 


= 1230 ft/s 


and 


V: 

Ma, = — 

C; 


450 ft/s 
1230 ft/s 


0.3657 


From Table A-32 at this Mach number we read A-JA* = 1.7426. Thus the ratio of the throat area to the nozzle inlet area is 
A * 1 

— = — - — = 0.574 

Aj 1.7426 

Discussion If we solve this problem using the relations for compressible isentropic flow, the results would be identical. 
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17-63 For subsonic flow at the inlet, the variation of pressure, velocity, and Mach number along the length of the nozzle are 
to be sketched for an ideal gas under specified conditions. 

Assumptions 1 The gas is an ideal gas. 2 Flow through the nozzle is steady, one- 
dimensional, and isentropic. 3 The flow is choked at the throat. 

Analysis Using EES and CO 2 as the gas, we calculate and plot flow area A, 
velocity V, and Mach number Ma as the pressure drops from a stagnation value 
of 1400 kPa to 200 kPa. Note that the curve for A is related to the shape of the 
nozzle, with horizontal axis serving as the centerline. The EES equation window 
and the plot are shown below. 


V.. 


◄ — 

Ma, < 1 




k=1.289 

Cp=0.846 "kJ/kg.K" 
R=0.1889 "kJ/kg.K" 
P0=1400 "kPa" 


T0=473 "K" 
m=3 "kg/s" 
rho_0=P0/(R*T0) 
rho=P/(R*T) 

rho_norm=rho/ rho_0 "Normalized density" 
T=T0*(P/P0) A ((k- 1 )/k) 

Tnorm=T/T0 "Normalized temperature" 

V=SQRT(2*Cp*(T0-T)*1000) 

V_norm=V/5 00 

A=m/(rho*V)*500 

C=SQRT (k*R*T* 1 000) 

Ma=V/C 



P, kPa 


Discussion We are assuming that the back pressure is sufficiently low that the flow is choked at the throat, and the flow 
downstream of the throat is supersonic without any shock waves. Mach number and velocity continue to rise right through 
the throat into the diverging portion of the nozzle, since the flow becomes supersonic. 
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17-64 We repeat the previous problem, but for supersonic flow at the inlet. The variation 
of pressure, velocity, and Mach number along the length of the nozzle are to be sketched 
for an ideal gas under specified conditions. 

Analysis Using EES and C0 2 as the gas, we calculate and plot flow area A, velocity V , and 
Mach number Ma as the pressure rises from 200 kPa at a very high velocity to the 
stagnation value of 1400 kPa. Note that the curve for A is related to the shape of the 
nozzle, with horizontal axis serving as the centerline. 


k=1.289 

Cp=0.846 "kJ/kg.K" 
R=0.1889 "kJ/kg.K" 
P0=1400 "kPa" 


T0=473 M K M 
m=3 "kg/s" 
rho_0=P0/(R*T0) 
rho=P/(R*T) 

rho_norm=rho/rho_0 "Normalized density" 
T=T0 * (P/PO) A ((k- 1 )/k) 

Tnorm=T/T0 "Normalized temperature" 

V=SQRT(2*Cp*(T0-T)* 1000) 

V_norm=V/500 

A=m/(rho*V)*500 

OSQRT(k*R*T*1000) 

Ma=V/C 



P, kPa 


Discussion Note that this problem is identical to the proceeding one, except the flow direction is reversed. In fact, when 
plotted like this, the plots are identical. 
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17-65 Nitrogen enters a converging-diverging nozzle at a given pressure. The critical velocity, pressure, temperature, and 
density in the nozzle are to be determined. 

Assumptions 1 Nitrogen is an ideal gas. 2 Flow through the nozzle is steady, one-dimensional, and isentropic. 

Properties The properties of nitrogen are k = 1.4 and R = 0.2968 kJ/kg-K. 


Analysis The stagnation pressure in this case are identical to the inlet properties since the inlet velocity is negligible. They 
remain constant throughout the nozzle, 

Po=Pi = 700 kPa 

T 0 = Ti = 400 K 0 N 2 ► 

© 

=1, we read T/T 0 

=0.8333, P/Po = 0.5283, and p/p 0 = 0.6339. 


Pr 


PQ = 


700 kPa 


v j ~ \J 


= 5.896 kg/m 


RT 0 (0.2968 kPa-m 3 /kg-K)(400K) 

Critical properties are those at a location where the Mach number is Ma = 1. From Table A-32 at Ma 


Then the critical properties become 


Also, 


T* = 0.8333r 0 = 0.8333(400 K) = 333 K 
P* = 0.5283P 0 = 0.5283(700 kPa) = 370 MPa 
p* = 0.6339 po = 0.6339(5.896 kg/m 3 ) = 3.74 kg/m 3 


v*=c*=4wn = 




(1 .4X0.2968 kJ/kg ■ K)(333 K) 


T000m 2 /s 2 A 
1 kJ/kg 


372 m/s 


Discussion We can also solve this problem using the relations for compressible isentropic flow. The results would be 
identical. 


17-66 An ideal gas is flowing through a nozzle. The flow area at a location where Ma = 2.4 is specified. The flow area 
where Ma = 1 .2 is to be determined. 

Assumptions Flow through the nozzle is steady, one-dimensional, and isentropic. 

Properties The specific heat ratio is given to be k = 1.4. 

Analysis The flow is assumed to be isentropic, and thus the stagnation and critical properties remain constant throughout 
the nozzle. The flow area at a location where Ma 2 = 1.2 is determined using A /A* data from Table A-32 to be 

M ai = 2 . 4 : = 2.4031 > A* = A| = 36 Cm = 14.98 cm 2 

A* 2.4031 2.4031 

Ma 2 = 1.2 ;A- = 1.0304 > A 2 = (1.0304)A* = (1.0304)(14.98 cm 2 ) = 15.4 cm 2 

A* 

Discussion We can also solve this problem using the relations for compressible isentropic flow. The results would be 
identical. 
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17-67 An ideal gas is flowing through a nozzle. The flow area at a location where Ma = 2.4 is specified. The flow area 
where Ma = 1 .2 is to be determined. 

Assumptions Flow through the nozzle is steady, one-dimensional, and isentropic. 


17-33 



and 

A 2 = (1.0316)A* = (1.0316)(14.01cm 2 ) = 14.45 cm 2 

Discussion Note that the compressible flow functions in Table A-32 are prepared for k = 1.4, and thus they cannot be used 
to solve this problem. 
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17-68E Air enters a converging-diverging nozzle at a specified temperature and pressure with low velocity. The pressure, 
temperature, velocity, and mass flow rate are to be calculated in the specified test section. 

Assumptions 1 Air is an ideal gas. 2 Flow through the nozzle is steady, one-dimensional, and isentropic. 

Properties The properties of air are k=l.4 and R = 0.06855 Btu/lbm-R = 0.3704 psia-ft 3 /lbm-R. 

Analysis The stagnation properties in this case are identical to the inlet properties since the inlet velocity is negligible. They 
remain constant throughout the nozzle since the flow is isentropic. 


and 


Then, 


P 0 = P[ = 150 psia 


r 0 = Ti= 100°F*560R 


T e =T 0 


2 + (A:-l)Ma 


\ r 

= (560 R)' 


2 + (l. 4-1)2 


311 R 




— - — 



AIR ► © 


Vi 



Pe=Po 


r T \k/(k- 1) 


©o j 


ZoiiV-4/0.4 


P„ 


Pe = 


= (150 psia) 
19.1 psia 


311 


v 560 y 


= 19.1 psia 


= 0.166 lbm/ft 


RT e (0.3704 psia. ft 3 /lbm • R)(3 1 1 R) 

The nozzle exit velocity can be determined from V e = Ma e c e , where c e is the speed of sound at the exit conditions, 


V e = Ma f c t =Ma e JkRT =(2) (1.4)(0.06855 Btu/lbm-R)(311 R) 


f 25,037 ft 2 /s 2 ^ 

1 Btu/lbm 


= 1729 ft/s = 1730 ft/s 


Finally, 


m = p e A e V e = (0. 166 lbm/ft 3 )(5 ft 2 )(1729 ft/s) = 1435 lbm/s = 1440 Ibm/s 


Discussion Air must be very dry in this application because the exit temperature of air is extremely low, and any moisture 
in the air will turn to ice particles. 
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17-69 Air enters a converging nozzle at a specified temperature and pressure with low velocity. The exit pressure, the 
exit velocity, and the mass flow rate versus the back pressure are to be calculated and plotted. 

Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 Flow through the nozzle is steady, 
one-dimensional, and isentropic. 

Properties The properties of air are k = IA,R = 0.287 kJ/kg-K, and c p = 1.005 kJ/kg-K. 

Analysis The stagnation properties in this case are identical to the inlet properties since the inlet velocity is negligible. They 
remain constant throughout the nozzle since the flow is isentropic., 


P 0 =Pi = 900 kPa 
T 0 = T { = 400 K 


The critical pressure is detennined to be 


P* = Pn 


y 2 \k/(k-i) / 2 


k + 1 


= (900 kPa) 


X 1.4/0.4 


U.4 + 1 


= 475.5 kPa 



Then the pressure at the exit plane (throat) will be 

P c =P h for P h > 475.5 kPa 

P c =P* = 475.5 kPa for P h < 475.5 kPa (choked flow) 

Thus the back pressure will not affect the flow when 100 < P h <475.5 kPa. For a specified exit pressure P c , the 
temperature, the velocity and the mass flow rate can be determined from 


Temperature 


T e =T 0 


( p) 

(k-\)/k 

( p T 


= (400 K) 


U J 


lyuoj 


\0.4/1.4 



Velocity 


V = pc p (T 0 -T e ) 


'2(1.005 kJ/kg-K)(400-T e ) 


1000 m 2 /s 
1 kJ/kg 


2 A 


y 


Density 



Pe 

(0.287 kPa ■m i / kg- K)T e 



Mass flow rate m = p e V e A e = p e V e (0.001 m 2 ) 
The results of the calculations are tabulated as 


P b , kPa 

P e , kPa 

T e , K 

V e , m/s 

p e , kg/m 3 

it} kg/s 

m. 

i 

900 

900 

400 

0 

7.840 

0 



800 

800 

386.8 

162.9 

7.206 

1.174 

m 

max 


700 

700 

372.3 

236.0 

6.551 

1.546 



600 

600 

356.2 

296.7 

5.869 

1.741 



500 

500 

338.2 

352.4 

5.151 

1.815 



475.5 

475.5 

333.3 

366.2 

4.971 

1.820 

100 

400 

475.5 

333.3 

366.2 

4.971 

1.820 


300 

475.5 

333.3 

366.2 

4.971 

1.820 


200 

475.5 

333.3 

366.2 

4.971 

1.82,0 


100 

475.5 

333.3 

366.2 

4.971 

1.820 






Discussion We see from the plots that once the flow is choked at a back pressure of 475.5 kPa, the mass flow rate remains 
constant regardless of how low the back pressure gets. 
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17-70 



We are to reconsider the previous problem. Using EES (or other) software, we are to solve the problem for the 


inlet conditions of 0.8 MPa and 1200 K. 


Analysis Air at 800 kPa, 1200 K enters a converging nozzle with a negligible velocity. The throat area of the nozzle is 10 
cm2. Assuming isentropic flow, calculate and plot the exit pressure, the exit velocity, and the mass flow rate versus the 
back pressure P b for 0.8>= P b >=0. 1 MPa. 


Procedure ExitPress(P_back,P_crit : Pexit, Conditions) 
If (P_back>=P_crit) then 

P_exit:=P_back "Unchoked Flow Condition" 
Conditions unchoked' 

else 

P_exit:=P_crit "Choked Flow Condition" 
Conditions choked' 

Endif 

End 


Gas$- Air' 

A_cm2=10 "Throat area, cm2" 

Pinlet =800"kPa" 

T_inlet= 1200"K" 

"P_back =422.7" "kPa" 

A_exit = A_cm2*Convert(cm A 2,m A 2) 

C_p=specheat(Gas$,T=T_inlet) 

C_p-C_v=R 

k=C_p/C_v 

M=MOLARMASS(Gas$) "Molar mass of Gas$" 

R= 8.3 14/M "Gas constant for Gas$" 

"Since the inlet velocity is negligible, the stagnation temperature = T_inlet; 
and, since the nozzle is isentropic, the stagnation pressure = P_inlet." 

P_o=P_inlet "Stagnation pressure" 

T_o=T_inlet "Stagnation temperature" 

P crit /P_o=(2/(k+l)) A (k/(k-l)) "Critical pressure from Eq. 16-22" 

Call ExitPress(P_back,P_crit : P exit, Conditions) 

T exit /T_o=(P_exit/P_o) A ((k-l)/k) "Exit temperature for isentopic flow, K" 

V_exit A 2/2=C_p*(T_o-T_exit)* 1000 "Exit velocity, m/s" 

Rho_exit=P_exit/(R*T_exit) "Exit density, kg/m3" 

m_dot=Rho_exit*V_exit*A_exit "Nozzle mass flow rate, kg/s" 

"If you wish to redo the plots, hide the diagram window and remove the { } from 
the first 4 variables just under the procedure. Next set the desired range of 
back pressure in the parametric table. Finally, solve the table (F3). " 

The table of results and the corresponding plot are provided below. 
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EES SOLUTION 


A_cm2=10 

P_crit=434.9 

A_exit=0.001 

P_exit=434.9 

Conditions- choked' 

P inlet=800 

C_p= 1.208 

P o=800 

C v=0.921 1 

R=0.287 

Gas$='Air' 

Rho_exit=1.459 

k= 1.312 

T_exit=1038 

M=28.97 

T inlet=1200 

m dot=0.9124 

T o=1200 

P_back=422.7 

V_exit=625.2 


P back [kPa] 

P exit [kPa] 

Vexit [m/s] 

m [kg/s] 

Texit [K] 

pexit [kg/m 3 ] 

100 

434.9 

625.2 

0.9124 

1038 

1.459 

200 

434.9 

625.2 

0.9124 

1038 

1.459 

300 

434.9 

625.2 

0.9124 

1038 

1.459 

400 

434.9 

625.2 

0.9124 

1038 

1.459 

422.7 

434.9 

625.2 

0.9124 

1038 

1.459 

500 

500 

553.5 

0.8984 

1073 

1.623 

600 

600 

437.7 

0.8164 

1121 

1.865 

700 

700 

300.9 

0.6313 

1163 

2.098 

800 

800 

0.001523 

0.000003538 

1200 

2.323 



Pback (kPa) 
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exit (m/s) Pexit (kPa) 
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Pback (kPa) 



Pback (kPa) 


Discussion We see from the plot that once the flow is choked at a back pressure of 422.7 kPa, the mass flow rate remains 
constant regardless of how low the back pressure gets. 
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Shock Waves and Expansion Waves 


17-71C No, because the flow must be supersonic before a shock wave can occur. The flow in the converging section of a 
nozzle is always subsonic. 

Discussion A normal shock (if it is to occur) would occur in the supersonic (diverging) section of the nozzle. 


17-72C The Fanno line represents the states that satisfy the conservation of mass and energy equations. The Rayleigh 
line represents the states that satisfy the conservation of mass and momentum equations. The intersections points of 
these lines represent the states that satisfy the conservation of mass, energy, and momentum equations. 

Discussion T-s diagrams are quite helpful in understanding these kinds of flows. 


17-73C No, the second law of thermodynamics requires the flow after the shock to be subsonic. 
Discussion A normal shock wave always goes from supersonic to subsonic in the flow direction. 


17-74C (a) velocity decreases, (b) static temperature increases, (c) stagnation temperature remains the same, (d) 
static pressure increases, and (e) stagnation pressure decreases. 

Discussion In addition, the Mach number goes from supersonic (Ma > 1) to subsonic (Ma < 1). 


17-75C Oblique shocks occur when a gas flowing at supersonic speeds strikes a flat or inclined surface. Normal shock 
waves are perpendicular to flow whereas inclined shock waves, as the name implies, are typically inclined relative to the 
flow direction. Also, normal shocks form a straight line whereas oblique shocks can be straight or curved, depending on 
the surface geometry. 

Discussion In addition, while a normal shock must go from supersonic (Ma > 1) to subsonic (Ma < 1), the Mach number 
downstream of an oblique shock can be either supersonic or subsonic. 


17-76C Yes, the upstream flow has to be supersonic for an oblique shock to occur. No, the flow downstream of an oblique 
shock can be subsonic, sonic, and even supersonic. 

Discussion The latter is not true for normal shocks. For a normal shock, the flow must always go from supersonic (Ma > 1) 
to subsonic (Ma < 1). 


17-77C Yes, the claim is correct. Conversely, normal shocks can be thought of as special oblique shocks in which the 
shock angle is /?= nil , or 90°. 

Discussion The component of flow in the direction normal to the oblique shock acts exactly like a normal shock. We can 
think of the flow parallel to the oblique shock as “going along for the ride” - it does not affect anything. 
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17-78C When the wedge half-angle 8 is greater than the maximum deflection angle 0 max , the shock becomes curved 
and detaches from the nose of the wedge, forming what is called a detached oblique shock or a bow wave. The numerical 
value of the shock angle at the nose is J3 = 90°. 

Discussion When 5 is less than 0 max , the oblique shock is attached to the nose. 


17-79C When supersonic flow impinges on a blunt body like the rounded nose of an aircraft, the wedge half-angle 8 at the 
nose is 90°, and an attached oblique shock cannot exist, regardless of Mach number. Therefore, a detached oblique shock 
must occur in front of all such blunt-nosed bodies, whether two-dimensional, axisymmetric, or fully three-dimensional. 

Discussion Since 8= 90° at the nose, 8 is always greater than # max , regardless of Ma or the shape of the rest of the body. 


17-80C The isentropic relations of ideal gases are not applicable for flows across (a) normal shock waves and (b) 
oblique shock waves, but they are applicable for flows across (c) Prandtl-Meyer expansion waves. 

Discussion Flow across any kind of shock wave involves irreversible losses - hence, it cannot be isentropic. 
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17-81 Air flowing through a nozzle experiences a normal shock. Various properties are to be calculated before and after the 
shock. 


Assumptions 1 Air is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, and 
isentropic before the shock occurs. 

Properties The properties of air at room temperature are k= \A,R = 0.287 kJ/kg-K, and c p = 1.005 kJ/kg-K. 

Analysis The stagnation temperature and pressure before the shock are 


T o\ - T\ + 


V, 


2c 


= 205 + 


(740 m/s) 


p 


2(1.005 kJ/kg-K) 


1 kJ/kg 


U000m 2 /s 2 ; 


= 477.4 K 




\k/(k-i) 

I o\ 




= (18kPa) 


^477.4 K^ L4/(1 ' 4_1) 


= 347.0 kPa 


205 K , 

The velocity and the Mach number before the shock are determined from 



shock 

wave 


Cj = -yjkRT] = 


1 


(1.4)(0.287 kJ/kg -K)(205K) 


T000 m 2 /s 2 ^ 


1 kJ/kg 


287.0 m/s 


and 


Ma t = 


Yi 

c i 


740 111/5 =2.578 
287.0 m/s 


The fluid properties after the shock (denoted by subscript 2) are related to those before the shock through the functions 
listed in Table A-33. For Mai = 2.578 we read (We obtained the following values using analytical relations in Table A-33.) 


Ma 2 = 0.5058, 


Pq2 

Pi 


9.0349, 


— = 7.5871, and 
Pi 


— = 2.2158 
Ti 


Then the stagnation pressure P 0 2 , static pressure P 2 , and static temperature T 2 , are determined to be 
P 02 = 9.0349Pi = (9.0349)(18 kPa) = 162.6 kPa 
P 2 = 7.5871Pi = (7.587 1)(1 8 kPa) = 136.6 kPa 
T 2 = 2.2158T! = (2.2158)(205 K) = 454.2 K 

The air velocity after the shock can be determined from V 2 = Ma 2 c 2 , where c 2 is the speed of sound at the exit conditions 
after the shock, 


V 2 =Ma 2 c 2 =Ma 2y /kRT 2 =(0.5058) 


1 


(1.4)(0.287 kJ/kg. K)(454.2 K) 


^lOOOnr/s 2 ^ 


1 kJ/kg 


216.1 m/s 


Discussion This problem could also be solved using the relations for compressible flow and normal shock functions. The 
results would be identical. 
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17-82 Air flowing through a nozzle experiences a normal shock. The entropy change of air across the normal shock wave is 
to be determined. 

Assumptions 1 Air is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, and 
isentropic before the shock occurs. 

Properties The properties of air at room temperature are R = 0.287 kJ/kg-K and c p = 1.005 kJ/kg-K. 

Analysis The entropy change across the shock is determined to be 

T P 

s ? - Si =c n \n — -R\n — 
p T x P x 

= (1 .005 kJ/kg • K)ln(2.2 158) - (0.287 kJ/kg • K)ln(7.5871) 

= 0.2180 kJ/kg K 

Discussion A shock wave is a highly dissipative process, and the entropy generation is large during shock waves. 
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17-83 Air flowing through a converging-diverging nozzle experiences a normal shock at the exit. The effect of the shock 
wave on various properties is to be determined. 

Assumptions 1 Air is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, and 
isentropic before the shock occurs. 3 The shock wave occurs at the exit plane. 

Properties The properties of air are k = 1.4 and R = 0.287 kJ/kg-K. 

Analysis The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is negligible. 
Then, 


P 01 = Pi = 1 MPa 
T 0i = Ti = 300 K 

Then, 


ri=r 0 i 


2 + (k - l)Ma 


= (300 K) 


i J 


2 


A 


2 + (1.4 - 1)2.4 


= 139.4 K 



Shock 

wave 


and 


^1=^0! 


r, 




V r oy 


k/(k-\) 


= (1 MPa) 


O 39 . 4^ 4/0 - 4 


300 


= 0.06840 MPa 


The fluid properties after the shock (denoted by subscript 2) are related to those before the shock through the functions 
listed in Table A-33. For Maj = 2.4 we read 


Ma 2 = 0.523 1 = 0.523, 

P 

Mil 


0.5401, —-6.5533, and — -2.0403 
P T 

M 1 \ 


Then the stagnation pressure P 0 2 , static pressure P 2 , and static temperature T 2 , are determined to be 
P 02 = 0.5401Poi = (0.540 1)( 1.0 MPa) = 0.540 MPa = 540 kPa 
P 2 = 6.5533Pi = (6.5533)(0.06840 MPa) = 0.448 MPa = 448 kPa 
T 2 = 2.0403T! = (2.0403)(139.4 K) = 284 K 

The air velocity after the shock can be determined from V 2 = Ma 2 c 2 , where c 2 is the speed of sound at the exit conditions 
after the shock, 


V 2 = Ma 2 c 2 = Ma 2 iJkRT 2 =(0.5231) 


(1 .4)(0.287 kJ/kg • K)(284 K) 


/ 1000m 2 /s 2 A 


1 kJ/kg 


177 m/s 


Discussion We can also solve this problem using the relations for normal 


shock functions. The results would be identical. 
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17-84 Air enters a converging-diverging nozzle at a specified state. The required back pressure that produces a normal 
shock at the exit plane is to be determined for the specified nozzle geometry. 

Assumptions 1 Air is an ideal gas. 2 Flow through the nozzle is steady, one-dimensional, and isentropic before the shock 
occurs. 3 The shock wave occurs at the exit plane. 

Analysis The inlet stagnation pressure in this case is identical to the inlet pressure since the inlet velocity is negligible. 
Since the flow before the shock to be isentropic, 

Poi = Pi = 2 MPa 

It is specified that AM* =3.5. From Table A-32, Mach number and the 
pressure ratio which corresponds to this area ratio are the Mai =2.80 
and P\/Poi = 0.0368. The pressure ratio across the shock for this Mai 
value is, from Table A-33, P 2 /P i = 8.98. Thus the back pressure, 
which is equal to the static pressure at the nozzle exit, must be 

P 2 =8.98 P, = 8.98x0.0368Poi = 8.98x0.0368x(2 MPa) = 0.661 MPa 

Discussion We can also solve this problem using the relations for compressible flow and normal shock functions. The 
results would be identical. 


shock 


V 


0 AIR — 

/ ~ 

— * © © 




17-85 Air enters a converging-diverging nozzle at a specified state. The required back pressure that produces a normal 
shock at the exit plane is to be determined for the specified nozzle geometry. 

Assumptions 1 Air is an ideal gas. 2 Flow through the nozzle is steady, one-dimensional, and isentropic before the 
shock occurs. 


Analysis The inlet stagnation pressure in this case is identical to the inlet pressure since the inlet velocity is negligible. 
Since the flow before the shock to be isentropic, 


P 0 x~ Pi = 2 MPa 

It is specified that AM* = 2. From Table A-32, the Mach number and 
the pressure ratio which corresponds to this area ratio are the Mai 
=2.20 and P\/Poi = 0.0935. The pressure ratio across the shock for this 
Mi value is, from Table A-33, P 2 /P\ = 5.48. Thus the back pressure, 
which is equal to the static pressure at the nozzle exit, must be 


shock 



li ^0/' wave 

0 AIR — 

— © © 

‘~ 0 

^0 Pb 


P 2 =5.48P, = 5.48x0. 0935Poi = 5.48x0.0935x(2 MPa) = 1 .02 MPa 


Discussion We can also solve this problem using the relations for compressible flow and normal shock functions. The 
results would be identical. 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



17-45 


17-86 Air flowing through a nozzle experiences a normal shock. The effect of the shock wave on various properties is to 
be determined. Analysis is to be repeated for helium under the same conditions. 

Assumptions 1 Air and helium are ideal gases with constant specific heats. 2 Flow through the nozzle is steady, one- 
dimensional, and isentropic before the shock occurs. 

Properties The properties of air are k = 1.4 and R = 0.287 kJ/kg-K, and the properties of helium are k = 1.667 and R = 
2.0769 kJ/kg-K. 


Analysis The air properties upstream the shock are 

Ma t = 3.2, P x = 58 kPa, and T x = 270 K 

Fluid properties after the shock (denoted by subscript 2) are related to those 
before the shock through the functions in Table A-33. For Mai = 3.2, 

Ma, = 0 . 4643 , -^=- = 13.656, — = 11.780, and ^- = 2.9220 
P x I] 7', 


shock 



We obtained these values using analytical relations in Table A-33. Then the stagnation pressure P 02 , static pressure P 2 , and 
static temperature T 2 , are determined to be 

P 02 = 13.656^! = (13.656)(58 kPa) = 792.0 kPa 

P 2 = 11.780Pi = (l 1.780)(58 kPa) = 683.2 kPa 

T 2 = 2.9220 T x = (2.9220)(270 K) = 788.9 K 

The air velocity after the shock can be determined from V 2 = Ma 2 c 2 , where c 2 is the speed of sound at the exit conditions 
after the shock, 


V 2 = Ma 2 c 2 =Ma 2 JkRT 2 =(0.4643) 


1 


(1.4)(0.287 kJ/kg • K)(788.9 K) 


T000m 2 /s 2 ^ 


1 kJ/kg 


261.4 m/s 


We now repeat the analysis for helium. This time we cannot use the tabulated values in Table A-33 since k is not 1.4. 
Therefore, we have to calculate the desired quantities using the analytical relations, 


r , , 2 - \ 1/2 r 


Ma 2 = 


Maf +2/(k- 1) 
2Ma x k /(k - 1) - 1 


3.2 2 +2/(1.667-1) 

2 x 3.2 2 x 1.667/(1 .667 -1)-! 


\ 1/2 


0.5136 


P 2 _ 1 + kMa 2 
P\ 1 + kMa 2 


1 + 1.667 x3.2 2 
1 + 1.667 x 0.5136 2 


12.551 


T 2 _ 1 + Ma 2 (k - 1)/2 _ 1 + 3.2 2 (1.667 — 1) / 2 
T\ 1 + Ma 2 (k — 1) / 2 1 + 0.5136 2 (1.667 — 1) / 2 


Pqi 

Pi 


1 + kMaf N 
v l + kMa 2y 


(l + (k-l)Ma? / 2 ) 


k/(k- 1) 


' 1 + 1.667 x3.2 2 2 
1 + 1.667 x0.5136 2 


/ 7 \1. 667/ 0.667 

(l + (1.667 - 1) x 0.5136 2 /2j =15.495 


Thus, ^02 = 15.4957 3 ! = (15.495)(58 kPa) = 898.7 kPa 
P 2 = 12.55 l/^i = (12.551)(58 kPa) = 728.0 kPa 
T 2 = 4.0580r, = (4.0580)(270 K) = 1096 K 


V 2 =Ma 2 c 2 =Ma 2y /kRT r =(0.5136) 


1 


(1.667)(2.0769 kJ/kg • K)(1096K) 


h000m 2 /s 2 ^ 


= 1000 m/s 


1 kJ/kg 

Discussion The velocity and Mach number are higher for helium than for air due to the different values of k and R. 
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17-87 Air flowing through a nozzle experiences a normal shock. The entropy change of air across the normal shock wave is 
to be determined. 

Assumptions 1 Air and helium are ideal gases with constant specific heats. 2 Flow through the nozzle is steady, one- 
dimensional, and isentropic before the shock occurs. 

Properties The properties of air are R = 0.287 kJ/kg-K and c p = 1.005 kJ/kg-K, and the properties of helium are R = 2.0769 
kJ/kg-K and c p = 5.1926 kJ/kg-K. 

Analysis The entropy change across the shock is determined to be 

$2 ~ s x = c p In — — R In — = (1 .005 kJ/kg • K)ln(2.9220) - (0.287 kJ/kg • K)ln( 1 1 .780) = 0.370 kJ/kg • K 
T x P 1 

For helium, the entropy change across the shock is determined to be 

s 2 — Sj = c p In — R In = (5. 1926 kJ/kg • K)ln(4.0580) - (2.0769 kJ/kg • K)ln( 12.551) = 2.02 kJ/kg • K 
T x P x 

Discussion Note that shock wave is a highly dissipative process, and the entropy generation is large during shock waves. 
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17-88E Air flowing through a nozzle experiences a normal shock. Effect of the shock wave on various properties is 
to be determined. Analysis is to be repeated for helium 


Assumptions 1 Air and helium are ideal gases with constant specific heats. 2 Flow through the nozzle is steady, one- 
dimensional, and isentropic before the shock occurs. 


Properties The properties of air are k = 1.4 and R = 0.06855 Btu/lbm-R, and the properties of helium are k = 1.667 and R = 
0.4961 Btu/lbm-R. 


Analysis The air properties upstream the shock are 

Mai = 2.5, P\ = 10 psia, and T\ = 440.5 R 

Fluid properties after the shock (denoted by subscript 2) are related to those 
before the shock through the functions listed in Table A-33. For Maj = 2.5, 

Ma 2 = 0.513, -^- = 8.5262, — = 7.125, and TL = 2.1375 

Pi 7', 


shock 



/'"wave 

1 LLLL 0JJ J> ^ 

r~T) mr 

^ /j/ / 



^rrrrnrm 

n ^( Maj = 2.5 


Then the stagnation pressure P$ 2 , static pressure P 2 , and static temperature T 2 , are determined to be 
P 02 = 8.5262P, = (8.5262)(10 psia) = 85.3 psia 
P 2 = 1 A25P\ = (7.125X10 psia) = 71.3 psia 
T 2 =2.13757! = (2.1375)(440.5 R) = 942 R 

The air velocity after the shock can be determined from V 2 = Ma 2 c 2 , where c 2 is the speed of sound at the exit conditions 
after the shock, 


V 2 =Ma 2 c 2 =Mn 2y jkRT 2 =(0.513) 




(1 ,4)(0.06855 Btu/lbm • R)(94 1 .6 R) 


+5,037 ft l 2 / s 2 ^ 

1 Btu/lbm 


772 ft/s 


We now repeat the analysis for helium. This time we cannot use the tabulated values in Table A-33 since k is not 1.4. 
Therefore, we have to calculate the desired quantities using the analytical relations, 


Ma 2 = 


' Maf +2/(k-l) ' 
2MafAr/(*r— 1) — 1 


1/2 


2.5 2 +2/(1.667-1) 

2x2. 5 2 x 1.667/(1.667-1)-! 


\ 1/2 


0.553 


P 2 1 + kMa 2 1 + 1. 667x2. 5 2 . 

— = = = = = 7.5632 

Pi 1 + ZdVIa 2 1 + 1. 667x0. 553 2 


Ti 

T'i 


l + Ma 2 (it-l)/2 _ 1 + 2.5 2 (1 .667 — 1) / 2 

l + Ma;(/t-l)/2 1 + 0. 553 2 (1. 667-1)/ 2 


7q2 

Pi 


T + itMa? ' 

1 ( kMa 2 ^ 


(l+(7-l)Ma 2 /2f 


/(*-!) 


f 1 + 1.667 x2.5 2 ^ 
1 + 1.667 xO.553 2 


( 7 , \ 1 . 667 / 0.667 

(l + (1.667 - 1) x 0.553 2 / 2 j =9.641 


Thus, P 02 = 1 1 .546P[ = (11 ,546)(10 psia) = 115 psia 
P 2 = 7.5632P! = (7.5632)(10 psia) = 75.6 psia 
T 2 = 2.79897) = (2.7989)(440.5 R) = 1233 R 


R 2 = Ma 2 c 2 =Ma 22 jkRT 2 =(0.553) 


(1. 667)(0. 4961 Btu/lbm. R)(1232. 9 R) 


+5,037 ft 2 / s 2 ^ 

1 Btu/lbm 


2794 ft/s 


Discussion This problem could also be solved using the relations for compressible flow and normal shock functions. The 
results would be identical. 
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17-89E We are to reconsider Prob. 17-88E. Using EES (or other) software, we are to study the effects of both air and 

helium flowing steadily in a nozzle when there is a normal shock at a Mach number in the range 2 < Mx < 3.5. In addition 
to the required information, we are to calculate the entropy change of the air and helium across the normal shock, and 
tabulate the results in a parametric table. 


Analysis We use EES to calculate the entropy change of the air and helium across the normal shock. The results are given 
in the Parametric Table for 2 < M x < 3.5. 


Procedure NormalShock(M_x,k:M_y,PyOPx, TyOTx,RhoyORhox, PoyOPox, PoyOPx) 

If M_x < 1 Then 

M_y = - 1 000;PyOPx=- 1000;TyOTx=- 1 000;RhoyORhox=- 1 000 
PoyOPox=- 1 000;PoyOPx=- 1 000 

else 

M_y=sqrt( (M_x A 2+2/(k-l)) / (2*M_x A 2*k/(k-l)-l) ) 

PyOPx=( 1 +k*M_x A 2)/( 1 +k*M_y A 2) 

TyOTx=( l+M_x A 2*(k-l)/2 )/(l+M_y A 2*(k-l)/2 ) 

RhoyORhox=PyOPx/TyOT x 

PoyOPox=M_x/M_y*( (l+M_y A 2*(k-l)/2)/ (l+M_x A 2*(k-l)/2) ) A ((k+l)/(2*(k-l))) 
PoyOPx=( 1 +k*M_x A 2) *( 1 +M_y A 2 *(k- 1 )/2) A (k/(k- 1 ))/( 1 +k*M_y A 2) 

Endif 

End 

Function ExitPress(P_back,P_crit) 

If P_back>=P_crit then ExitPress:=P_back "Unchoked Flow Condition" 

If P_back<P_crit then ExitPress:=P_crit "Choked Flow Condition" 

End 

Procedure GetProp(Gas$:Cp,k,R) "Cp and k data are from Text Table A.2E" 
M=MOLARMASS(Gas$) "Molar mass of Gas$" 

R= 1545/M "Particular gas constant for Gas$, ft-lbf/lbm-R" 

"k = Ratio of Cp to Cv" 

"Cp = Specific heat at constant pressure" 
if Gas$- Air’ then 

Cp=0.24"Btu/lbm-R"; k=1.4 

endif 

if Gas$- C02' then 

Cp=0.203"Btu/lbm_R"; k=1.289 

endif 

if Gas$- Helium' then 

Cp=1.25"Btu/lbm-R"; k=1.667 

endif 

End 

"Variable Definitions:" 

"M = flow Mach Number" 

"Pratio = P/P_o for compressible, isentropic flow" 

"Tratio = T/T_o for compressible, isentropic flow" 

"Rho_ratio= Rho/Rho_o for compressible, isentropic flow" 

"A_ratio=A/A* for compressible, isentropic flow" 

"Fluid properties before the shock are denoted with a subscript x" 

"Fluid properties after the shock are denoted with a subscript y" 

"M_y = Mach Number down stream of normal shock" 

"PyOverPx= P y/P_x Pressue ratio across normal shock" 

"TyOverTx =T_y/T_x Temperature ratio across normal shock" 

"RhoyOverRhox=Rho_y/Rho_x Density ratio across normal shock" 

"PoyOverPox = P_oy/P_ox Stagantion pressure ratio across normal shock" 

"PoyOverPx = P_oy/P_x Stagnation pressure after normal shock ratioed to pressure before shock" 
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"Input Data" 

{P_x =10 "psia"} "Values of P_x, T_x, and M_x are set in the Parametric Table" 

{T_x = 440.5 "R"} 

{M_x = 2.5} 

Gas$- Air' "This program has been written for the gases Air, C02, and Helium" 

Call GetProp(Gas$:Cp,k,R) 

Call NormalShock(M_x,k:M_y,PyOverPx, TyOverTx,RlioyOverRliox, PoyOverPox, PoyOverPx) 
P_oy_air=P_x* PoyOverPx "Stagnation pressure after the shock" 

P_y_air=P_x*PyOverPx "Pressure after the shock" 

T_y_air=T_x*TyOverTx "Temperature after the shock" 

M_y_air=M_y "Mach number after the shock" 

"The velocity after the shock can be found from the product of the Mach number and 
speed of sound after the shock." 

C y air = sqrt(k*R"ft-lbf/lbm_R"*T_y_air"R"*32.2 "lbm-Mbf-s A 2") 

V_y_air=M_y_air * C_y_air 

DELTAs_air=entropy(air,T=T_y_air, P=P y_air) -entropy(air,T=T_x,P=P_x) 

Gas2$- Helium' "Gas2$ can be either Helium or C02" 

Call GetProp(Gas2 $ : Cp_2 ,k_2 ,R_2) 

Call NormalShock(M_x,k_2:M_y2,PyOverPx2, TyOverTx2,RlioyOverRliox2, PoyOverPox2, PoyOverPx2) 
P_oy_he=P_x*PoyOverPx2 "Stagnation pressure after the shock" 

P_y_he=P_x*PyOverPx2 "Pressure after the shock" 

T_y_he=T_x*TyOverTx2 "Temperature after the shock" 

M_y_he=M_y2 "Mach number after the shock" 

"The velocity after the shock can be found from the product of the Mach number and 
speed of sound after the shock." 

C_y_he = sqrt(k_2*R_2"ft-lbf/lbm_R"*T_y_he"R"*32.2 "lbm-ft/lbf-s A 2") 

V_y_he=M_y_he * C_y_he 

DELTAs_he=entropy(helium,T=T_y_he, P=P_y_he) -entropy (hehum,T=T_x,P=P_x) 

The parametric table and the corresponding plots are shown below. 


Vy,he 

[ft/s] 

v y , air 

[ft/s] 

Ty,he 

[R] 

Ty,air 

[R] 

T x 

[R] 

Py,he 

[psia] 

p . 

r y,air 

[psia] 

Px 

[psia] 

Roy, he 

[psia] 

p 

1 oy,air 

[psia] 

My, he 

My, air 

M x 

AShe 

[Btu/lbm- 

R] 

As a j r 

[Btu/lbm- 

R] 

2644 

771.9 

915.6 

743.3 

440.5 

47.5 

45 

10 

63.46 

56.4 

0.607 

0.5774 

2 

0.1345 

0.0228 

2707 

767.1 

1066 

837.6 

440.5 

60.79 

57.4 

10 

79.01 

70.02 

0.5759 

0.5406 

2.25 

0.2011 

0.0351 

2795 

771.9 

1233 

941.6 

440.5 

75.63 

71.25 

10 

96.41 

85.26 

0.553 

0.513 

2.5 

0.2728 

0.04899 

3022 

800.4 

1616 

1180 

440.5 

110 

103.3 

10 

136.7 

120.6 

0.5223 

0.4752 

3 

0.4223 

0.08 

3292 

845.4 

2066 

1460 

440.5 

150.6 

141.3 

10 

184.5 

162.4 

0.5032 

0.4512 

3.5 

0.5711 

0.1136 


Mach Number After Shock vs M x 
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Entropy Change Across Shock vs M, 



Temperature After Shock vs M. 


M, 



Velocity After shock vs M x 



M x 


Pressure After Shock vs M x 



Discussion In all cases, regardless of the fluid or the Mach number, entropy increases across a shock wave. This is because 
a shock wave involves irreversibilities. 
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17-90 For an ideal gas flowing through a normal shock, a relation for V^Vx in terms of k, Mai, and Ma 2 is to be developed. 
Analysis The conservation of mass relation across the shock is py x - py 2 an d d can t> e expressed as 


V 2 A P, / RT X 

{ p 0 

f rp \ 

1 2 

Fl p2 

[ p 2 J 

UJ 


From Eqs. 17-35 and 17-38, 


v 2 _ 

"l + ^MaC 

"l + Mal(/t-l)/2 N 

v i 

^ 1 + kMa j ^ 

v l + Ma 2 (/t-l)/2 y 


Discussion This is an important relation as it enables us to determine the velocity ratio across a normal shock when the 
Mach numbers before and after the shock are known. 


17-91 



The entropy change of air across the shock for upstream Mach numbers between 0.5 and 1.5 is to be 


determined and plotted. 


Assumptions 1 Air is an ideal gas. 2 Flow through the nozzle is steady, one-dimensional, and isentropic before the shock 
occurs. 


Properties The properties of air are k= l.4,R = 0.287 kJ/kg-K, and c p = 1.005 kJ/kg-K. 


Analysis The entropy change across the shock is determined to be 

T, P 1 

s J -s ] = c n In — -R In — 
p T { P x 

where 


Ma 2 


Maf +2/(&-l) 
^2Maf/fc/(/fc-l)-l y 


Ei 

Pi 


1 + &Ma \ ^ T 2 _ l+Maf(^-l)/2 
1 + kMaj ’ T x l+Ma?(£-l)/2 


The results of the calculations can be tabulated as 


Maj 

Ma 2 

-lyii 

Pi/p i 

s 2 - 5, 

0.5 

2.6458 

0.1250 

0.4375 

-1.853 

0.6 

1.8778 

0.2533 

0.6287 

-1.247 

0.7 

1.5031 

0.4050 

0.7563 

-0.828 

0.8 

1.2731 

0.5800 

0.8519 

-0.501 

0.9 

1.1154 

0.7783 

0.9305 

-0.231 

1.0 

1.0000 

1.0000 

1.0000 

0.0 

1.1 

0.9118 

1.0649 

1.2450 

0.0003 

1.2 

0.8422 

1.1280 

1.5133 

0.0021 

1.3 

0.7860 

1.1909 

1.8050 

0.0061 

1.4 

0.7397 

1.2547 

2.1200 

0.0124 

1.5 

0.7011 

1.3202 

2.4583 

0.0210 



Discussion The total entropy change is negative for upstream Mach numbers Mai less than unity. Therefore, normal shocks 
cannot occur when Mai < F 
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17-92 Supersonic airflow approaches the nose of a two-dimensional wedge and undergoes a straight oblique shock. For a 
specified Mach number, the minimum shock angle and the maximum deflection angle are to be determined. 


Assumptions Air is an ideal gas with a constant specific heat ratio of k 
= 1.4 (so that Fig. 17-41 is applicable). 

Analysis For Ma = 5, we read from Fig. 17-41 

Minimum shock (or wave) angle: /? min =12° 

Maximum deflection (or turning) angle: 0 nrdX = 41 . 5 ° 

Discussion Note that the minimum shock angle decreases and the 
maximum deflection angle increases with increasing Mach number Maj. 
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17-93E Air flowing at a specified supersonic Mach number is forced to undergo a compression turn (an oblique shock)., 
The Mach number, pressure, and temperature downstream of the oblique shock are to be determined. 


Assumptions 1 The flow is steady. 2 The boundary layer on the wedge is very 
thin. 3 Air is an ideal gas with constant specific heats. 

Properties The specific heat ratio of air is k = 1.4. 

Analysis On the basis of Assumption #2, we take the deflection angle as equal to 
the wedge half-angle, i.e., 8= 15°. Then the two values of oblique shock 

angle ft are determined from 

2(Ma 2 sin 2 /?-!)/ tan/? 2(2 2 sin 2 /?-l)/tan/? 

tan u — — > tan 15 — — 

Maf - (k + cos2/?) + 2 2 2 (1.4 + cos 2/?) + 2 



which is implicit in /?. Therefore, we solve it by an iterative approach or with an equation solver such as EES. It gives 
/?weak = 45.34° and /Strong = 79.83°. Then the upstream “normal” Mach number Ma^ n becomes 

Weak shock. Ma j n = Ma l sin /? - 2 sin 45.34° = 1 .423 

Strong shock Ma 1>n = Ma 1 sin /? - 2 sin 79.83° = 1.969 


Also, the downstream normal Mach numbers Ma 2 , n become 
Weak shock 


Ma 2,n = 


Strong shock Ma 2n = 




1 


(fc — l)Maf n +2 (1.4 — 1)(1 .423) 2 +2 


2kMaJ' n — k + 1 


2(1.4)(1.423) 2 -1.4 + 1 


= 0.7304 



(*-l)Ma? >n +2 | (1.4 — 1)(1 .969) 2 +2 


2kMa] a -k+\ y 2(1.4)(1.969) 2 -1.4 + 1 


= 0.5828 


The downstream pressure and temperature for each case are determined to be 


Weak shock 


P 2 =P X 


2kMa 2 n -k + 1 

~k + I 


= (6 psia) 


2(1 .4)(1.423) 2 -1.4 + 1 
1.4 + 1 


13.2 psia 


t 2 =t x 


P 2 Pi „ P 2 2 + (/: -l)Ma 2 n 


= T 


Pi P\ (^ + l)Ma l n 


= (480 R) 


13.2 psia 2 + (1.4 -1)(1.423) 
6 psia (1.4 + 1)(1.423) 2 


609 R 


0 , 7 2kMa 2 n —k + l . 2(1.4)(1.969) 2 -1.4 + 1 . . 

Strong shock P 2 = P x 7 ^ = (6 psia) — — : = 26.1 psia 


k + l 


1.4 + 1 


P 2 p. P, 2 + (^-l)Ma 2 

P = T, — — = T, — +2- = (480 R) 

Px Pi Px (k + l)Ma 2 n 

The downstream Mach number is determined to be 


26.1 psia 2 + (1.4 -1)(1.969) 
6 psia (1 .4 + 1)(1 .969) 2 


798 R 


Weak shock 


Ma 2 = 


Ma 


2,n 


0.7304 


sin (P-0) sin(45.34°- 15°) 


Strong shock Ma 2 = — 


Ma 


2,n 


0.5828 


sin (p-0) sin(79.83°- 15°) 


-1.45 


-0.644 


Discussion Note that the change in Mach number, pressure, temperature across the strong shock are much greater than the 
changes across the weak shock , as expected. For both the weak and strong oblique shock cases, Ma l n is supersonic and 
Ma 2 . n is subsonic. However, Ma 2 is supersonic across the weak oblique shock, but subsonic across the strong oblique shock. 
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17-94 Air flowing at a specified supersonic Mach number undergoes an expansion turn over a tilted wedge. The Mach 
number, pressure, and temperature downstream of the sudden expansion above the wedge are to be determined. 


Assumptions 1 The flow is steady. 2 The boundary layer on the wedge 
is very thin. 3 Air is an ideal gas with constant specific heats. 

Properties The specific heat ratio of air is k= 1.4. 

Analysis On the basis of Assumption #2, the deflection angle is 
determined to be Q& 5= 25° - 10° = 15°. Then the upstream and 
downstream Prandtl-Meyer functions are determined to be 


v(Ma) = 



tan 


k 1 (Ma 2 


k + \ 




Upstream : 



^(Maj) 


1.4 + 1 

tan 

1.4-1 


1,4 1 (2.4 2 - 1) 


1.4 + 1 



36.75° 


Then the downstream Prandtl-Meyer function becomes 
v(Ma 2 ) = 6> + v(Maj ) -15° + 36.75° = 5 1.75° 


Now Ma 2 is found from the Prandtl-Meyer relation, which is now implicit: 


Downstream : v(Ma 2 ) = 


1.4 + 1 _i 

tan 1 

1.4-1 


r 


1A 1 (Ma\ - 1 ) 


V 


1.4 + 1 


tan _1 ^Ma 2 —ll = 51.75° 


It gives Ma 2 = 3 . 105 . Then the downstream pressure and temperature are determined from the isentropic flow relations 


p 2 


Pi'P, p _ [l + Ma |(*r-l)/2]-* /t *~ 1) p 
P X !P 0 1 [1 + Ma f (A: — 1) / 2] * /( * _1) ' 


[1 + 3.105 2 (1.4 -1) /2] 14/0 - 4 
[1 + 2.4 2 (1.4 -1)/ 2] 1 4/04 


(70 kPa) = 23.8 kPa 



T IT 
1 2 1 1 0 — 

T IT 1 

' 1 o 


[1 + Ma, (k-Y)l 2]~‘ _ [1 + 3.105 2 (1.4-1)/2]~ 1 

[1 + Ma,(( - 1) / 2] 1 1_ [l + 2 A 2 (l .4 - 1) / 2] _1 


(260 K) = 191 K 


Note that this is an expansion, and Mach number increases while pressure and temperature decrease, as expected. 

Discussion There are compressible flow calculators on the Internet that solve these implicit equations that arise in the 
analysis of compressible flow, along with both normal and oblique shock equations; e.g., see 
www.aoe.vt.edu/~devenpor/aoe3 1 14/calc.html . 
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17-95 Air flowing at a specified supersonic Mach number undergoes a compression turn (an oblique shock) over a tilted 
wedge. The Mach number, pressure, and temperature downstream of the shock below the wedge are to be determined. 


Assumptions 1 The flow is steady. 2 The boundary layer on the 
wedge is very thin. 3 Air is an ideal gas with constant specific heats. 

Properties The specific heat ratio of air is k = 1 .4. 

Analysis On the basis of Assumption #2, the deflection angle is 
determined to be 25° + 10° = 35°. Then the two values of 

oblique shock angle p are determined from 


Mai = 5 


tan 0 — 


2(Ma \ sin 2 P - 1) / tan P 
Ma i(k + cos 2/3) + 2 


-+ tan 12° = 


2(3.4 2 sin- /?-!)/ 
3.4 2 (1.4 + cos2/?) + 2 



which is implicit in p. Therefore, we solve it by an iterative approach or with an equation solver such as EES. It gives 
/?we ak = 49.86° and /Strong = 77.66°. Then for the case of strong oblique shock, the upstream “normal” Mach number Map n 
becomes 

Ma j n - Ma x sin p = 5 sin 77.66° - 4.884 
Also, the downstream normal Mach numbers Ma 2 , n become 


Ma 2,n = 


11 


(k -l)Ma 2 n +2 


2kMa 2 n -k + 1 \ 


(1 .4 — 1)(4.884) 2 +2 


2(1.4X4.884)- -1.4 + 1 


= 0.4169 


The downstream pressure and temperature are determined to be 


p 2 =P\ 


2kMaf n -k + 1 

f+1 


= (70 kPa) 


2(1 ,4)(4.884) 2 -1.4 + 1 
1.4 + 1 


1940 kPa 


K= Ti H£L = T , p 2 2 + (^- 1 ) Ma r.n _ (260K) 194QkPia 2 + (1.4 -1X4.884) 


Pi Pi Pi (^ + l)Ma 2 n 


70 kPa (1.4 + 1)(4.884) 


1450 K 


The downstream Mach number is determined to be 


Ma 2 = 


Ma 


2,n 


0.4169 


sin (P-0) sin(77.66°-35°) 


-0.615 


Discussion Note that Maj n is supersonic and Ma 2 , n and Ma 2 are subsonic. Also note the huge rise in temperature and 
pressure across the strong oblique shock, and the challenges they present for spacecraft during reentering the earth’s 
atmosphere. 
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17-96E Air flowing at a specified supersonic Mach number is forced to turn upward by a ramp, and weak oblique shock 
forms. The wave angle, Mach number, pressure, and temperature after the shock are to be determined. 


Assumptions 1 The flow is steady. 2 The boundary layer on the wedge 
is very thin. 3 Air is an ideal gas with constant specific heats. 



Properties The specific heat ratio of air is k = 1.4. 


Analysis On the basis of Assumption #2, we take the deflection angle 
as equal to the ramp, i.e., 8= 8°. Then the two values of oblique 

shock angle j3 are determined from 



2(Ma 2 sin 2 /?-!)/ tan/? 2(2 2 sin 2 /?-!)/ tan/? 


which is implicit in /?. Therefore, we solve it by an iterative approach or with an equation solver such as EES. It gives 
Aveak = 37.21° and A trong = 85.05°. Then for the case of weak oblique shock, the upstream “normal” Mach number Map n 
becomes 

Ma l n = Ma L sin /? = 2 sin 37.21° = 1.209 
Also, the downstream normal Mach numbers Ma 2 , n become 


Discussion Note that Ma 1?n is supersonic and Ma 2 , n is subsonic. However, Ma 2 is supersonic across the weak oblique shock 
(it is subsonic across the strong oblique shock). 
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The downstream pressure and temperature are determined to be 



= 18.5psia 



18.5psia 2 + (1.4 - 1)(1.209) 2 556R 


12psia (1 ,4 + l)(1.209) 2 


The downstream Mach number is determined to be 



sin(/? - 0) sin(37.21° - 8°) 


0.8363 


= 1.71 


17-57 


17-97 Air flowing at a specified supersonic Mach number undergoes an expansion turn. The Mach number, pressure, and 
temperature downstream of the sudden expansion along a wall are to be determined. 


Assumptions 1 The flow is steady. 2 The boundary layer on the wedge 
is very thin. 3 Air is an ideal gas with constant specific heats. 

Properties The specific heat ratio of air is k = 1.4. 

Analysis On the basis of Assumption #2, we take the deflection angle 
as equal to the wedge half-angle, i.e., 0 « S= 15°. Then the upstream 
and downstream Prandtl-Meyer functions are determined to be 


v(Ma) = 



tan 


k 1 (Ma 2 


k + 1 





Upstream : 

v(Maj ) 


1.4 + 1 

tan 

1.4-1 


1.4-1 
1.4 + 1 





60.09° 


Then the downstream Prandtl-Meyer function becomes 
v(Ma 2 ) = 0 + v(Ma { ) = 1 5° + 60.09° = 75.09° 


Ma 2 is found from the Prandtl-Meyer relation, which is now implicit: 


Downstream : v(Ma 2 ) = 


1.4 + 1 i 

tan 

1.4-1 


L4 1 Ma 2 — 1) 


1.4 + 1 


tai+^Ma? -lj = 75.09° 


Solution of this implicit equation gives Ma 2 = 4 . 81 . Then the downstream pressure and temperature are determined from the 
isentropic flow relations: 


Pi 


P./P, 

— -P, 


[1 + Ma 2 (fc - 1) / 2] 

[1 + Ma f (A: - 1) / 2] /(fc_I) ' 


[1 + 4.81 2 (1.4 -1)/ 2] 14/0 - 4 
[1+ 3.6 2 (1.4 -1)/ 2] 14/a4 


(40 kPa) = 8.31 kPa 


t 2 


t 2 /t 0 t 

r/T 0 1 


[l + Ma|(^-lV2+ ^ 
[1 + Maj(^-1)/2] _1 1 


[l + 4.81 2 (1.4-l)/2] 1 
[l + 3.6 2 (1.4-l)/2] 1 


(280 K) = 179 K 


Note that this is an expansion, and Mach number increases while pressure and temperature decrease, as expected. 

Discussion There are compressible flow calculators on the Internet that solve these implicit equations that arise in the 
analysis of compressible flow, along with both normal and oblique shock equations; e.g., see 
www.aoe.vt.edu/~devenpor/aoe3 1 1 4/calc .html . 
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17-98 Air flowing at a specified supersonic Mach number impinges on a two-dimensional wedge, The shock angle, Mach 
number, and pressure downstream of the weak and strong oblique shock formed by a wedge are to be determined. 




Assumptions 1 The flow is steady. 2 The boundary layer on the wedge is very thin. 3 Air is an ideal gas with constant 
specific heats. 

Properties The specific heat ratio of air is k = 1.4. 

Analysis On the basis of Assumption #2, we take the deflection angle as equal to the wedge half-angle, i.e., S= 8°. Then 
the two values of oblique shock angle ft are determined from 

2(Ma \ sin 2 /? - 1) / tan /? 2(3.4 2 sin 2 p - 1)/ tan ^ 

tan u — — ^ tan 8 — 

Ma 2 (k + cos 2/?) + 2 3.4 2 (1.4 + cos 2 J3) + 2 


which is implicit in /?. Therefore, we solve it by an iterative approach or with an equation solver such as EES. It gives 
Aveak = 23.15° and ^strong = 87.45°. Then the upstream “normal” Mach number Ma t n becomes 

Weak shock: Ma 1>n = Maj sin (3 - 3.4 sin 23.15° = 1.336 

Strong shock : Ma 1?n = Maj sin /? = 3.4 sin 87.45° = 3.397 

Also, the downstream normal Mach numbers Ma 2 , n become 


Weak shock : 


Ma 2,n = 


II 


(k - l)Maf n + 2 (1.4 - 1)(1 .336) 2 + 2 


2£Maf >n - k + 1 


2(1 .4)(1 .336) 2 -1.4 + 1 


= 0.7681 


Strong shock : Ma 2n = 


1 


(k - l)Ma 2 n + 2 


2kMa 2 n -k+\ \ 


(1.4 - 1)(3.397) 2 + 2 


2(1.4)(3.397) 2 -1.4 + 1 


= 0.4553 


The downstream pressure for each case is determined to be 


Weak shock : 


2kMaf n - k + 1 2(1 41(1 3361 2 -1 4 + 1 

A = A ^ = (60 kPa) = 115.0 kPa 


k + 1 


1.4 + 1 


2kMaf n - k + 1 2(1 41(3 3971 2 -1 4 + 1 

P 2 = P x = (60 kPa) A ; = 797.6 kPa 


k + 1 


1.4 + 1 


The downstream Mach number is determined to be 


Ma,. 0 7681 

shock. Ma 2 = ^ — = = 2.94 

sin(yS-6») sin(23.15° - 8°) 

Ma, „ 0 4553 

Strong shock: Ma , = = = 0.463 

sin (P-6) sin(87.45° - 8°) 

Discussion Note that the change in Mach number and pressure across the strong shock are much greater than the changes 
across the weak shock, as expected. For both the weak and strong oblique shock cases, Ma !>n is supersonic and Ma, in is 
subsonic. Flowever, Ma 2 is supersonic across the weak oblique shock, but subsonic across the strong oblique shock. 
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Duct Flow with Heat Transfer and Negligible Friction (Rayleigh Flow) 


17-59 


17-99C The characteristic aspect of Rayleigh flow is its involvement of heat transfer. The main assumptions associated 
with Rayleigh flow are: the flow is steady, one-dimensional, and frictionless through a constant-area duct, and the fluid is 

an ideal gas with constant specific heats. 

Discussion Of course, there is no such thing as frictionless flow. It is better to say that frictional effects are negligible 
compared to the heating effects. 


17-100C The points on the Rayleigh line represent the states that satisfy the conservation of mass, momentum, and 
energy equations as well as the property relations for a given state. Therefore, for a given inlet state, the fluid cannot 
exist at any downstream state outside the Rayleigh line on a f-5 diagram. 

Discussion The T-s diagram is quite useful, since any downstream state must lie on the Rayleigh line. 


17-101C In Rayleigh flow, the effect of heat gain is to increase the entropy of the fluid, and the effect of heat loss is to 
decrease the entropy. 

Discussion You should recall from thermodynamics that the entropy of a system can be lowered by removing heat. 


17-102C In Rayleigh flow, the stagnation temperature T 0 always increases with heat transfer to the fluid, but the 

temperature T decreases with heat transfer in the Mach number range of 0.845 < Ma < 1 for air. Therefore, the 

temperature in this case will decrease. 

Discussion This at first seems counterintuitive, but if heat were not added, the temperature would drop even more if the air 
were accelerated isentropically from Ma = 0.92 to 0.95. 


17-103C Heating the fluid increases the flow velocity in subsonic Rayleigh flow, but decreases the flow velocity in 
supersonic Rayleigh flow. 

Discussion These results are not necessarily intuitive, but must be true in order to satisfy the conservation laws. 


17-104C The flow is choked, and thus the flow at the duct exit remains sonic. 
Discussion There is no mechanism for the flow to become supersonic in this case. 
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17-105 Fuel is burned in a tubular combustion chamber with compressed air. For a specified exit Mach number, the exit 
temperature and the rate of fuel consumption are to be determined. 

Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 Combustion is 
complete, and it is treated as a heat addition process, with no change in the chemical composition of flow. 3 The increase in 
mass flow rate due to fuel injection is disregarded. 


Properties We take the properties of air to be k = 1.4, c p = 1.005 kJ/kg-K, and R = 0.287 kJ/kg-K. 


Analysis The inlet density and mass flow rate of air are 


P 


Pi = 


380 kPa 


RT { (0.287 kJ/kgK)(450K) 


= 2.942 kg/m 


m air = p x A c] V x = (2.942 kg/m 3 )[;r(0. 16m) 2 / 4](55 m/s) = 3.254 kg/s 
The stagnation temperature and Mach number at the inlet are 


Toi - T\ + 


Vi 


2c 


= 450 K + 


(55 m/s) 


p 


2x1.005 kJ/kg-K 


1 kJ/kg 


1000 m 2 /s 2 


Q 




Pi = 380!kPa 

Ti = 450iK C omBUSTOR 

■ TUBE 

Ui = 55 ijn/s 


T 2 ,V 2 


= 451.5 K 


q = iJkRT x = 




(1.4)(0.287 kJ/kg • K)(450K) 


T000m 2 /s 2 ^ 


1 kJ/kg 


= 425.2 m/s 


V, 

Ma, = — = 


i 


55 m/s 
425.2 m/s 


= 0.1293 


The Rayleigh flow functions corresponding to the inlet and exit Mach numbers are (Table A-34) (We used analytical 
functions): 

Mai =0.1293: Tjt =0.09201, T 0l /T* = 0.07693, V,/V* = 0.03923 

Ma 2 = 0.8: T 2 /T* = 1.0255, Tjf = 0.9639, V 2 /V* = 0.8101 

The exit temperature, stagnation temperature, and velocity are determined to be 

T T IT* 1 0255 

2 2 - =11.146 -> T 2 = 11.1 467^ = 1 1.146(450 K) = 5016 K 


= 12.530— » T 02 =12.530r 01 = 12.530(451.5 K) = 5658 K 


T \ 

TJT * 

0.09201 

^02 

_ T<n IT * 

_ 0.9639 

T 01 

Toi IT* 

0.07693 

V 2 _ 

V 2 IV* 

0.8101 _ 

Vi 

V X !V* 

0.03923 


= 20.650 V 2 =20.650Ui =20.650(55 m/s) = 1136 m/s 


Then the mass flow rate of the fuel is determined to be 


q = c p ( T 02 -T 0 1 ) = (1 .005 kJ/kg • K)(5658 - 451.5) K = 5232 kJ/kg 
Q = m, dk q = (3.254 kg/s)(5232 kJ/kg) = 17,024 kW 


m fu e \ = 


Q 


HV 


17,024 kJ/s 
39,000 kJ/kg 


= 0.4365 kg/s 


Discussion Note that both the temperature and velocity increase during this subsonic Rayleigh flow with heating, as 
expected. This problem can also be solved using appropriate relations instead of tabulated values, which can likewise be 
coded for convenient computer solutions. 
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17-106 Air is heated in a duct during subsonic flow until it is choked. For specified pressure and velocity at the exit, the 
temperature, pressure, and velocity at the inlet are to be determined. 

Assumptions The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 


Properties We take the properties of air to be k = 1.4, c p = 1.005 kJ/kg-K, and R = 0.287 kJ/kg-K. 
Analysis Noting that sonic conditions exist at the exit, the exit temperature is 
c 2 = V 2 /Ma 2 = (620 m/s)/ 1 = 620 m/s 


c 2 = JkRT 2 -> (1.4)(0.287 kJ/kg-K)r 2 


T000m 2 /s 2 ^ 


1 kJ/kg 


= 620 m/s 


It gives T 2 = 956.1 K. Then the exit stagnation temperature becomes 


^02 ~T 2 + 




2c 


= 956.7 K + 


(620 m/s) 


2x1.005 kJ/kg-K 


1 kJ/kg 


2 / 2 


1000 m z /s 


q — 52 kJ/kg 


1 

> 

T 

P 2 f= 270 kPa 
V 2 f= 620 m/s 

M ai 

1 

L — 


Mk 2 = l 

i 

i 


= 1 148 K 


The inlet stagnation temperature is, from the energy equation q = c p ( T 02 -T 0l ) , 


T 0 l ~ ^02 




= 1 148 K - 


c 


52 kJ/kg 
1.005 kJ/kg-K 


= 1096 K 


The maximum value of stagnation temperature Tj occurs at Ma = 1, and its value in this case is T 02 since the flow is 

•jj 

choked. Therefore, T 0 = T 02 = 1148 K. Then the stagnation temperature ratio at the inlet, and the Mach number 
corresponding to it are, from Table A-34, 


7^_ = 1096K =a9547 Maj = 0.7792 = 0.779 

T* 1 148 K 

The Rayleigh flow functions corresponding to the inlet and exit Mach numbers are (Table A-34): 
Mai =0.7792: T x /T* = 1.022, P x /P* = 1.297, WV = 0.7877 

Ma 2 = 1 : T 2 !T = 1, P 2 /P* = 1, V 2 /V*= 1 

Then the inlet temperature, pressure, and velocity are determined to be 

7] =1.022 T 2 = 1.022(956.7 K) = 977.5 K 


P x =1.319P 2 = 1.297(270 kPa) = 350.3 kPa 

V x = 0.7877R 2 = 0.7877(620 m/s) = 488.4 m/s 

Discussion Note that the temperature and pressure decreases with heating during this subsonic Rayleigh flow while velocity 
increases. This problem can also be solved using appropriate relations instead of tabulated values, which can likewise be 
coded for convenient computer solutions. 


T x T x /T* 1.017 

Pi Pi!P* . 1 ^ 

P x P x /P * 1.319 

v 2 _ V 2 IV* _ 1 

V[ ~ V x /V* ~ 0.7719 
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17-107E Air flowing with a subsonic velocity in a round duct is accelerated by heating until the flow is choked at the exit. 
The rate of heat transfer and the pressure drop are to be determined. 

Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 The flow is 
choked at the duct exit. 3 Mass flow rate remains constant. 


Properties We take the properties of air to be k = 1.4, c p = 0.2400 Btu/lbm-R, and R = 0.06855 Btu/lbm-R = 0.3704 
psia-ft 3 /lbm-R. 

Analysis The inlet density and velocity of air are 


P 


P l = 


V, = 


30psia 


RT X (0.3704 psia ■ ft 3 /lbm • R)(800 R) 
th„ ; „ 5 lbm/s 


air 


= 0.1012 lbm/ft 


= 565.9 ft/s 


‘ p x A c i (0.1012 lbm/ft 3 )[^-(4/12 ft) 2 / 4] 

The stagnation temperature and Mach number at the inlet are 


Q 


P\ = 30 psia 
T\ = 800lR 

i 

►! 

m = 5 lbijn/s 




To\ ~ T\ + 


V 


2c 


= 800 R + 


(565.9 ft/s) 


p 


2x0.2400 Btu/lbm-R 


r 1 Btu/lbm N 

25,037 ft 2 /s 2 


= 826.7 R 


Ma 2 = 1 


T 2 = 680 R 


c x = yjkRT x = (1 .4)(0. 06855 Btu/lbm • R)(800 R) 


^25,037 ft 2 /s 2 ^ 

1 Btu/lbm 


= 1386 ft/s 


Maj = 


Vi 565.9 ft/s 


= 0.4082 


c x 1386 ft/s 

The Rayleigh flow functions corresponding to the inlet and exit Mach numbers are (Table A-34): 
Ma! = 0.4082: T x /T* = 0.6310, P { /P*= 1.946, T 0X /T 0 * = 0.5434 

Ma 2 = 1 : T 2 /T* = 1, P 2 /P* = 1, T 02 /T 0 * = 1 

Then the exit temperature, pressure, and stagnation temperature are determined to be 

1 


T 2 _ T 2 /T 
T x T x /T* 

P 2 /P 

T x ~~pjp 


P . 


T, 


02 


T< 


01 


7^02 IT 
T ox /T 


0.6310 

1 

1.946 

1 

~ 0.5434 


-> T 2 -T x ! 0.6310 = (800 R)/ 0.6310 = 1268 R 


P 2 = P x / 2.272 = (30 psia) / 1 .946 = 15.4 psia 


-> T 02 - Tq X / 0.1743 = (826.7 R)/ 0.5434 = 1521 R 


Then the rate of heat transfer and the pressure drop become 


Q = m air c p (T Q2 -T ox ) = (5 lbm/s)(0.2400 Btu/lbm -R)(l 52 1-826.7) R = 834 Btu/s 
A P = P X -P 2 = 30 - 15.4 = 14.6 psia 

Discussion Note that the entropy of air increases during this heating process, as expected. 
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17-108 



Air flowing with a subsonic velocity in a duct. The variation of entropy with temperature is to be investigated 


as the exit temperature varies from 600 K to 5000 K in increments of 200 K. The results are to be tabulated and plotted. 


Analysis We solve this problem using EES making use of Rayleigh functions. The EES Equations window is printed below, 
along with the tabulated and plotted results. 


k=1.4 
cp= 1.005 
R=0.287 
Pl=350 
T 1=600 
VI =70 

Cl=sqrt(k*R*T 1*1000) 

Mal=Vl/Cl 

T01=Tl*(l+0.5*(k-l)*Mal A 2) 

P01=Pl*(l+0.5*(k-l)*Mal A 2) A (k/(k-l)) 

F 1=1+0. 5*(k-l)*Mal A 2 
T01Ts=2*(k+l)*Mal A 2*Fl/(l+k*Mal A 2) A 2 
P0 1 P s=(( 1 +k)/( 1 +k*Ma 1 A 2)) * (2 * F 1 /(k+ 1 )) A (k/(k- 1 )) 
T 1 Ts=(Ma 1 * (( 1 +k)/( 1 +k*Ma 1 A 2))) A 2 
P 1 Ps=( 1 +k)/( 1 +k*Ma 1 A 2) 

V 1 Vs=Ma 1 A 2 * ( 1 +k)/( 1 +k*Ma 1 A 2) 

F2=l+0.5*(k-l)*Ma2 A 2 

T02Ts=2*(k+l)*Ma2 A 2*F2/(l+k*Ma2 A 2) A 2 

P02P s=(( 1 +k)/( 1 +k*Ma2 A 2)) * (2 * F2/(k+ 1 )) A (k/(k- 1 )) 

T2Ts=(Ma2*((l+k)/(l+k*Ma2 A 2))) A 2 

P2Ps=( 1 +k)/( 1 +k*Ma2 A 2) 

V2Vs=Ma2 A 2 * ( 1 +k)/( 1 +k*Ma2 A 2) 

T02=T02Ts/T01Ts*T01 

P02=P02Ps/P0 1 Ps*P0 1 

T2=T2Ts/TlTs*Tl 

P2=P2Ps/PlPs*Pl 

V2=V2Vs/V 1 Vs*V 1 

Delta_s=cp * ln(T2/T 1 )-R* ln(P2/P 1 ) 
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5 S [kJ/kg-K] 


17-64 


Exit 

temperature 
t 2 , K 

Exit Mach 
number, Ma 2 

Exit entropy 
relative to inlet, 
s 2 , kJ/kg-K 

600.1 

0.143 

0.000 

800 

0.166 

0.292 

1000 

0.188 

0.519 

1200 

0.208 

0.705 

1400 

0.227 

0.863 

1600 

0.245 

1.001 

1800 

0.263 

1.123 

2000 

0.281 

1.232 

2200 

0.299 

1.331 

2400 

0.316 

1.423 

2600 

0.333 

1.507 

2800 

0.351 

1.586 

3000 

0.369 

1.660 

3200 

0.387 

1.729 

3400 

0.406 

1.795 

3600 

0.426 

1.858 

3800 

0.446 

1.918 

4000 

0.467 

1.975 

4200 

0.490 

2.031 

4400 

0.515 

2.085 

4600 

0.541 

2.138 

4800 

0.571 

2.190 

5000 

0.606 

2.242 



t 2 [K] 


Discussion Note that the entropy of air increases during this heating process, as expected. 
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17-109E Air flowing with a subsonic velocity in a square duct is accelerated by heating until the flow is choked at the exit. 
The rate of heat transfer and the entropy change are to be determined. 

Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 The flow is 
choked at the duct exit. 3 Mass flow rate remains constant. 


Properties We take the properties of air to be k = 1.4, c p = 0.2400 Btu/lbm-R, and R = 0.06855 Btu/lbm-R = 0.3704 
psia-ft 3 /lbm-R. 

Analysis The inlet density and mass flow rate of air are 


Q 


Pi 


p i = 


80 psia 


RT X (0.3704 psia • ft 3 /lbm • R)(700 R) 


= 0.3085 lbm/ft 


m air = p x A c jVj = (0.3085 lbm/ft 3 )(6 x 6/144 ft 2 )(260 ft/s) = 20.06 lbm/s 
The stagnation temperature and Mach number at the inlet are 


P\ = 80 psia 
Ti = 700;R 

V 

1 

1 

1 

|Ma 2 = 1 

Vi = 260; ft/s 


1 

1 

1 

1 


T 0 i - ^1 + 


Vi 


2c 


= 700 R + 


(260 ft/s) 


2x0.2400 Btu/lbm-R 


f 1 Btu/lbm ' 

25,037 ft 2 /s 2 


= 705.6 R 


c i _ ~ 


1 


(1.4)(0. 06855 Btu/lbm • R)(700 R) 


^ 25, 037 ft 2 /s 2 ^ 

1 Btu/lbm 


= 1297 ft/s 


Ma i = — = 26 ° ft/S = 0.2005 




1297 ft/s 


The Rayleigh flow functions corresponding to the inlet and exit Mach numbers are (Table A-34): 
Ma! = 0.2005: T x /T* =0.2075, P x /P* = 2.272, T 01 /T 0 * = 0.1743 

Ma 2 = 1: T 2 /T* = 1, P 2 /P* = 1, T 02 /T 0 * = 1 

Then the exit temperature, pressure, and stagnation temperature are determined to be 


-±=-± - = T 2 = T x / 0.2075 = (700 R)/ 0.2075 = 3374 R 

T x T x /T 0.2075 


Pi p 2 /p* i 
P x P x /P* 2.272 


P 2 =P x / 2.272 = (80 psia) / 2.272 = 35.2 psia 


Tq2 _ Pq 2 IP _ 1 

T 0l ~T 0l /T* “0.1743 


T 02 = T m / 0. 1743 = (705.6 R) / 0. 1743 = 4048 R 


Then the rate of heat transfer and entropy change become 

Q = m di[ c p ( T 02 - T 01 ) = (20.06 lbm/s)(0.2400 Btu/lbm • R)(4048 - 705.6) R = 1 6,090 Btu/s 


As = c ,, In — - R In — 

P P\ Pi 

= (0.2400 Btu/lbm • R) In 3374 R - (0.06855 Btu/lbm • R) In 35 ‘ 2pSia = 0.434 Btu/lbm • R 

700 R 80 psia 

Discussion Note that the entropy of air increases during this heating process, as expected. 
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17-110 Air enters the combustion chamber of a gas turbine at a subsonic velocity. For a specified rate of heat transfer, the 
Mach number at the exit and the loss in stagnation pressure to be determined. 

Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 The cross- 
sectional area of the combustion chamber is constant. 3 The increase in mass flow rate due to fuel injection is disregarded. 


Properties We take the properties of air to be k = 1 .4, c p = 1 .005 kJ/kg-K, and R = 0.287 kJ/kg-K. 
Analysis The inlet stagnation temperature and pressure are 


T 0 i=T x 


1 + 


k - 1 




Ma 


v 


= (550 K) 


P = P 

i 01 1 1 




y 

\k/(k- \) 


1 + 


1.4-1 


0.2 2 = 554.4 K 


\ 




7 


x 1.4/0.4 


V 


7 


Q = 200 kJ/s 


Pi = 600! kPa 
T x = 550|K C omBUSTOR 
*! TUBE 


Ma- 


Ma, = 0.J2 


= (600 kPa) 

= 617.0 kPa 

i 

The exit stagnation temperature is determined from 

Q=m ak c p (T 02 -T 01 ) -> 200 kJ/s = (0.3 kg/s)(l .005 kJ/kg • K)(r 02 - 554.4) K 


It gives 

To 2= 1218 K. 

At Ma, = 0.2 we read from Toi/T 0 * = 0.1736 (Table A-34). Therefore, 



r 01 _ 554.4 K 

0.1736 ~~ 0.1736 


3193. 5K 


Then the stagnation temperature ratio at the exit and the Mach number corresponding to it are (Table A-34) 


T, 


02 


T 

1 r 


1218 K 
3193.5 K 


0.3814 


-> Ma 2 = 0.3 187 = 0.319 


Also, 

Ma, = 0.2 -> PoJPo = 1-2346 

Ma 2 = 0.3187 -> P 02 /P 0 * = 1.191 


Then the stagnation pressure at the exit and the pressure drop become 


= 0.9647 

P 0 1 P ol /Po L2346 


P 02 = 0.9647P 01 = 0.9647(617 kPa) - 595.2 kPa 


and 


AP 0 =P 0l -P 02 = 617.0-595.2 = 21 .8 kPa 

Discussion This problem can also be solved using appropriate relations instead of tabulated values, which can likewise be 
coded for convenient computer solutions. 
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17-111 Air enters the combustion chamber of a gas turbine at a subsonic velocity. For a specified rate of heat transfer, the 
Mach number at the exit and the loss in stagnation pressure to be determined. 

Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 The cross- 
sectional area of the combustion chamber is constant. 3 The increase in mass flow rate due to fuel injection is disregarded. 


Properties We take the properties of air to be k = 1 .4, c p = 1 .005 kJ/kg-K, and R = 0.287 kJ/kg-K. 
Analysis The inlet stagnation temperature and pressure are 


r 01 =ri 


i+ 


k - 1 




Ma 


v 


= (550 K) 


P = P 

i 01 1 1 




y 

\k/(k- \) 


1 + 


1.4-1 


0.2 2 = 554.4 K 


\ 




7 


x 1.4/0.4 


V 


7 


Q = 300 kJ/s 


Pi = 600! kPa 
T x = 550iK C omBUSTOR 
*-! TUBE 


Ma: 


Ma, = 0.J2 


= (600 kPa) 

= 617.0 kPa 

i 

The exit stagnation temperature is determined from 

Q=m ak c p (T 02 -T 01 ) -> 300 kJ/s = (0.3 kg/s)(1.005 kJ/kg • K)(r 02 -554.4) K 


It gives 

To 2= 1549 K. 

At Ma, = 0.2 we read from Toi/T 0 * = 0.1736 (Table A-34). Therefore, 



r 01 _ 554.4 K 

0.1736 ~~ 0.1736 


3193. 5K 


Then the stagnation temperature ratio at the exit and the Mach number corresponding to it are (Table A-34) 


T, 


02 


T 

1 r 


1549 K 
3193.5 K 


0.4850 


-> Ma 2 = 0.3753 = 0.375 


Also, 

Ma, = 0.2 -> PoJPo = 1-2346 

Ma 2 = 0.3753 P 02 /P 0 * = 1-167 


Then the stagnation pressure at the exit and the pressure drop become 


^02 _ ^02 ! Pq 

p oi~ Poi/Po 


1.167 

1.2346 


0.9452 


-> Pq 2 =0.9452 P 0l = 0.9452(61 7 kPa) = 583.3 kPa 


and 


AP 0 =P 0l -P 02 = 617.0-583.3 = 33.7 kPa 

Discussion This problem can also be solved using appropriate relations instead of tabulated values, which can likewise be 
coded for convenient computer solutions. 
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17-112 Fuel is burned in a rectangular duct with compressed air. For specified heat transfer, the exit temperature and Mach 
number are to be determined. 


Assumptions The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 


Properties We take the properties of air to be k = 1.4, c p = 1.005 kJ/kg-K, and R = 0.287 kJ/kg-K. 
Analysis The stagnation temperature and Mach number at the inlet are 


c, = y[kRT\ = (1 ,4)(0.287 kJ/kg • K)(300 K) 


T000m 2 /s 2 ^ 


1 kJ/kg 


= 347.2 m/s 


Vj = Ma 1 c 1 = 2(347.2 m/s) = 694.4 m/s 


^ v i _ _ _ (694.4 m/s) 

T 0l = T X + — - = 300K + — - 


2c 


2x1.005 kJ/kg-K 


1 kJ/kg 


2 ,2 


1000 m z /s 


= 539.9 K 


q — 55 kJ/kg 

P x = 420 kP; 
T x = 300 K 

* 

T 2 , Ma 2 

Ma, =2 



The exit stagnation temperature is, from the energy equation q-c p ( T 02 -7 01 ) , 


T 02 =T 01 + — = 539.9 K + 


55 kJ/kg 


1.005 kJ/kg-K 


= 594.6 K 


The maximum value of stagnation temperature T 0 * occurs at Ma = 1, and its value can be determined from Table A-34 or 
from the appropriate relation. At Ma, = 2 we read T 0 i/T 0 = 0.7934. Therefore, 


r r * _ T Ql 
1 o - 


539.9 K 


= 680.5 K 


0.7934 0.7934 

The stagnation temperature ratio at the exit and the Mach number corresponding to it are, from Table A-34, 


594.6 K =ag738 Ma 2 = 1.642 = 1.64 

T 0 680.5 K 

Also, 

Mai = 2 -> T x !t = 0.5289 

Ma 2 = 1.642 T 2 /T* = 0.6812 

Then the exit temperature becomes 

T T / T* 0 6812 

— = — - = - = 1.288 r, =1.2887, = 1.288(300 K) = 386 K 

T x T x /T 0.5289 

Discussion Note that the temperature increases during this supersonic Rayleigh flow with heating. This problem can also be 
solved using appropriate relations instead of tabulated values, which can likewise be coded for convenient computer 
solutions. 
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17-113 Compressed air is cooled as it flows in a rectangular duct. For specified heat rejection, the exit temperature and 
Mach number are to be determined. 


Assumptions The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 


Properties We take the properties of air to be k = 1.4, c p = 1.005 kJ/kg-K, and R = 0.287 kJ/kg-K. 
Analysis The stagnation temperature and Mach number at the inlet are 


c, = y[kRT\ = (1 ,4)(0.287 kJ/kg • K)(300 K) 


Vj = Ma 1 c 1 = 2(347.2 m/s) = 694.4 m/s 


^ v i _ _ _ (694.4 m/s) 

T 0l = 7j + — - = 300K + — 


T000m 2 /s 2 ^ 


1 kJ/kg 


2c 


2x1.005 kJ/kg-K 


1 kJ/kg 


2/2 


1000 m z /s 


The exit stagnation temperature is, from the energy equation q-c ( T 02 -T 0l ) , 


= 347.2 m/s 

V 

-55 kJ/kg 

P x = 420 kPai 
7j = 300K i 

i 


i 

i 

!T 2 , Ma 2 

i 

539.9 K Mai 2 | 


i 

i 

i 

'~ c p(l 02 T 0l ), 


^02 _ T 0l + 


q 


= 539.9 K + 


-55 kJ/kg 
1.005 kJ/kg-K 


= 485.2 K 


The maximum value of stagnation temperature T 0 * occurs at Ma = 1, and its value can be determined from Table A-34 or 
from the appropriate relation. At Ma] = 2 we read T 0 i/T 0 = 0.7934. Therefore, 



T ox _ 539.9 K 
0.7934 " 0.7934 


680.5 K 


The stagnation temperature ratio at the exit and the Mach number corresponding to it are, from Table A-34, 


T^-= 485 ' 2K = 0.7130 Ma 2 = 2.479 = 2.48 

T o 680.5 K 

Also, 

Mai = 2 -> T x !t = 0.5289 

Ma 2 = 2.479 -> T 2 /f = 0.3838 

Then the exit temperature becomes 

T T IT * 03838 

— = — - = - = 0.7257 T 2 -0.7257T, =0.7257(300 K) = 218 K 

T x T x /T 0.5289 

Discussion Note that the temperature decreases and Mach number increases during this supersonic Rayleigh flow with 
cooling. This problem can also be solved using appropriate relations instead of tabulated values, which can likewise be 
coded for convenient computer solutions. 
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17-114 Argon flowing at subsonic velocity in a constant-diameter duct is accelerated by heating. The highest rate of heat 
transfer without reducing the mass flow rate is to be determined. 

Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 Mass flow 
rate remains constant. 


Properties We take the properties of argon to be k = 1.667, c p = 0.5203 
kJ/kg-K, and R = 0.208 1 kJ/kg-K. 

Analysis Heat transfer stops when the flow is choked, and thus 
Ma 2 = V 2 /c 2 = 1 . The inlet stagnation temperature is 




f 

1 -+ 

V 


k-\ 

2 


Ma 


(400 K) 


fl + I^l0.2 


405.3 K 


The Rayleigh flow functions corresponding to the inlet and exit Mach 
numbers are 

TWTo* = 1 (since Ma 2 = 1) 


Q 


P\ = 320! kPa ^ 


T x = 400jK 

Ma 2 1 

2 

P 

II 

o> 

i io~ 

i 

i 

i 

i 

i 

i 

i 

i 

i 

i 

i 

i 

i 

i 

i 



T 0 1 _ (£ + l)Ma 2 [2 + (£-l)Ma 2 ] 
To (l + AMaj 2 ) 2 


(1 .667 + 1)0.2 2 [2 + (1 .667 - 1)0.2 2 ] 
(1 + 1.667 x0.2 2 ) 2 


0.1900 


Therefore, 


— v = > 7 q 2 =r 01 / 0.1 900 = (405.3 K)/ 0.1900 = 2133 K 

t 0 i r 01 /r 0 * 0.1900 °- 01 


Then the rate of heat transfer becomes 


Q = m a[r c p (T Q2 - r 01 ) = (1 .2 kg/s)(0.5203 kJ/kg • K)(2 133 - 400) K = 1 080 kW 

Discussion It can also be shown that T 2 = 1600 K, which is the highest thermodynamic temperature that can be attained 
under stated conditions. If more heat is transferred, the additional temperature rise will cause the mass flow rate to decrease. 
Also, in the solution of this problem, we cannot use the values of Table A-34 since they are based on k = 1 .4. 
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17-115 Air flowing at a supersonic velocity in a duct is decelerated by heating. The highest temperature air can be heated 
by heat addition and the rate of heat transfer are to be determined. 

Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 Mass flow 
rate remains constant. 


Properties We take the properties of air to be k = 1.4, c p = 1.005 kJ/kg-K, and R = 0.287 kJ/kg-K. 

Analysis Heat transfer will stop when the flow is choked, and thus Ma 2 = V 2 /C 2 = 1 . Knowing stagnation properties, the 
static properties are determined to be 


Ti=T 0l 


P = P 

1 \ 1 01 


k- 1. . ^ 


-1 


-1 


Ma 


= (600 K) 


1.4-1 

1 + 1.8 2 = 364. IK 


r \-m*- 1 ; 


1 + Ma; 


= (210 kPa) 
= 36.55 kPa 


l + l^h.8 2 


P 1 = 


36.55 kPa / 3 

= 0.3498 kg/m 3 


RT X (0.287 kJ/kgK)(364. 1 K) 



P 01 =210kPa 
Tqi = 600 K 


Ma! = 1.8 


Then the inlet velocity and the mass flow rate become 
Cl = yjkRT, = 




(1.4)(0.287 kJ/kg • K)(364. 1 K) 


T000m 2 /s 2 ^ 


1 kJ/kg 


= 382.5 m/s 


V x = Ma 1 c 1 =1.8(382.5 m/s) = 688.5 m/s 


m air =p x A cX W \ = (0.3498kg/m 3 )[;r(0.10m) 2 / 4](688. 5 m/s) = 1.891 kg/s 

The Rayleigh flow functions corresponding to the inlet and exit Mach numbers are (Table A-34): 

Mai = 1.8: T x if = 0.6089, T 0X /T 0 * = 0.8363 

Ma 2 = 1 : T 2 /T* = 1, T 02 /T 0 * = 1 

Then the exit temperature and stagnation temperature are determined to be 

T 2 =T { / 0.6089 = (364. 1 K) / 0.6089 - 598 K 
T 02 = T 0l / 0.8363 = (600 K)/0.8363 = 717.4 K = 717 K 

Finally, the rate of heat transfer is 

Q = m&Cp ( T 02 - T 0l ) = (1 .891 kg/s)(1.005 kJ/kg • K)(717.4 - 600) K = 223 kW 

Discussion Note that this is the highest temperature that can be attained under stated conditions. If more heat is transferred, 
the additional temperature will cause the mass flow rate to decrease. Also, once the sonic conditions are reached, the 
thermodynamic temperature can be increased further by cooling the fluid and reducing the velocity (see the T-s diagram for 
Rayleigh flow). 


T x T x /T* 0.6089 

7()2 _ ?02 / TO _ 1 

Tq ! ~r 01 /r; “ 0.8363 
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Steam Nozzles 


17-116C The delay in the condensation of the steam is called supersaturation. It occurs in high-speed flows where there 
isn’t sufficient time for the necessary heat transfer and the formation of liquid droplets. 
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17-117 Steam enters a converging nozzle with a low velocity. The exit velocity, mass flow rate, and exit Mach number are 
to be determined for isentropic and 90 percent efficient nozzle cases. 

Assumptions 1 Flow through the nozzle is steady and one-dimensional. 2 The nozzle is adiabatic. 

Analysis (a) The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is 
negligible. Thus h ox = h x . 


At the inlet, 

P { = P 0X = 4 MPal /ij = h ox = 3214.5 kJ/kg 
7j = T 0l = 400°C J s x = s 2s = 6.7714 kJ/kg • K 

At the exit, 

P 2 = 2.5 MPa \h 2 = 3083 .4 kJ/kg 

s 2 = 6.7714 kJ/kg-Kj v 2 = 0.1058 m 3 /kg 



© ►STEAM ► <© 

a) 77 N = 1 00% 

b) 77 N = 94% 


Then the exit velocity is determined from the steady-flow energy balance E m = E out with q = w = 0, 



The mass flow rate is determined from 


m — — — AiV 2 = X — (32 x 10~ 4 m 2 )(5 12.0 m/s) = 15.49 kg/s 

</ 2 ‘ 0.1058 m 3 /kg 

The velocity of sound at the exit of the nozzle is determined from 

c j*rj 

\dp) s \ A(1 / c/) 

The specific volume of steam at s 2 = 6.7714 kJ/kg-K and at pressures just below and just above the specified pressure (2.0 
and 3.0 MPa) are determined to be 0.1257 and 0.09183 m 3 /kg. Substituting, 

c 2 = 


Then the exit Mach number becomes 





512.0 m/s 
583.7 m/s 


= 0.877 


(b) The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is negligible. Thus 
h$\ — h\. 

At the inlet, 


P x =P 0l = 4 MPa 1 h x =h ox =3214.5 kJ/kg 
T x = T ox = 400°C J s x = s 2s = 6.7714 kJ/kg • K 
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At state 2s, 

„ = 2.5 MPa 1 

h 2s = 3083.4kJ/kg 
The enthalpy of steam at the actual exit state is determined from 


P 2s = 2.5 MPa 

s 2s = 6.7714 kJ/kg-K 


? In = 


fy)l ^2 

^oi _ h 2s 


AO/1 3214.5 - h 2 
-> 0.94 = 2 


3214.5-3288.7 


-> h 2 = 3091.3 kJ/kg 


Therefore, 


P 2 = 2.5 MPa 
h 2 =3091.3 kJ/kg 


c/ 2 = 0.1065 m 3 /kg 
s 2 = 6.7844 kJ/kg • K 


Then the exit velocity is determined from the steady-flow energy balance E m = E out with q = w = 0, 

,710 


h 1 +V 1 2 /2 = h 2 +V?/2 


-> 0 = h 2 - h x + 


vi-v? 

2 


Solving for V 2 , 

V 2 = yl2(h\ - h 2 ) = 


1 


2(3214.5 -3091.3) kJ/kg 


^1000 m 2 /s 2 ^ 
1 kJ/kg 


= 496.4 m/s 


The mass flow rate is determined from 


m = — A 2 V 2 = 
v- 


1 


(32 x 10 -4 m 2 )(496.4 m/s) = 14.92 kg/s 


2 0.1065 m /kg 

The velocity of sound at the exit of the nozzle is determined from 


c = 


f 

1/2 

' A P ' 


s 

L A(l/ v) ) 


1/2 


The specific volume of steam at s 2 = 6.7844 kJ/kg-K and at pressures just below and just above the specified pressure (2.0 
and 3.0 MPa) are determined to be 0. 1266 and 0.09246 m 3 /kg. Substituting, 


Co = 


i 


(3000-2000) kPa 


1 


1 


0.09246 0.1266 

/ 

Then the exit Mach number becomes 
V 2 496.4 m/s 


kg/m 


/ 1000m 2 /s 2 ^ 

lkPa.m 3 


= 585.7 m/s 


Ma 2 = 


Co 585.7 m/s 


= 0.848 
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17-118E Steam enters a converging nozzle with a low velocity. The exit velocity, mass flow rate, and exit Mach number are 
to be determined for isentropic and 90 percent efficient nozzle cases. 

Assumptions 1 Flow through the nozzle is steady and one-dimensional. 2 The nozzle is adiabatic. 

Analysis (a) The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is 
negligible. Thus h 0 \ = h\. 


At the inlet, 

P x = P 0l = 450 psia 
7j = T 0l = 900°F 

At the exit, 

P 2 = 275 psia 


s 2s = 1.71 17 Btu/lbm • R 


h\ =/*oi = 1468.6 Btu/lbm 
s x = s 2s = 1.7117 Btu/lbm • R 


h 2 = 1400.5 Btu/lbm 
«/ 2 = 2.5732 ft 3 /lbm 


© 


STEAM 


© 



Then the exit velocity is determined from the steady-flow energy balance E [n = E out with q = w = 0, 


/; 1 +V l 2 /2 = /i 2 +y 2 2 /2 


Solving for V 2 , 

V 2 = ^2(h x - h 2 ) = 

Then, 


> o = /,-/,© - y > 


1 710 


2 




2(1468.6-1400.5) Btu/lbm 


^25,037 ft 2 /s 2 ^ 

1 Btu/lbm 


= 1847 ft/s 


m = — A 2 V 2 = 


1 


i/ 


2.5732 ft J /lbm 


(3.75/144 ft 2 )(l 847 ft/s) = 18.7 lbm/s 


The velocity of sound at the exit of the nozzle is determined from 


r dP'' 


c = 


\dpj 


1/2 f 


A P 


\ 1/2 


A(l/ u) 


The specific volume of steam at s 2 = 1.71 17 Btu/lbm-R and at pressures just below and just above the specified pressure 
(250 and 300 psia) are determined to be 2.7709 and 2.4048 ft 3 /lbm. Substituting, 


c 2 = 


(300 -250) psia 

"25,037 ft 2 /s 2 ^ 

1 Btu 2 

r i i > 

lbm/ft 3 

1 Btu/lbm 

v 5.4039 ft 3 - psia y 

V 2.4048 2.7709 , 


= 2053 ft/s 


Then the exit Mach number becomes 


Ma 2 



1847 ft/s 
2053 ft/s 


0.900 


(b) The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is negligible. Thus 
hoi = h\. 

At the inlet, 


P\ - Poi = 450 psia 
r, =T 0l = 900°F 


h\ - h 0 1 = 1468.6 Btu/lbm 
Si = s 2s =1.7117 Btu/lbm • R 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



17-76 


At state 2s, 


P ls = 275 psia 


s 2i = 1.71 17 Btu/lbm • R 


\h 2s = 1400.5 Btu/lbm 


The enthalpy of steam at the actual exit state is determined from 
Vn = 


h 0l h 2 


■» 0.90 = 1468 - 6 -^ 


K\ ^2 s 


1468.6-1400.5 


>h 2 = 1407.3 Btu/lbm 


Therefore, 


P 2 = 215 psia 
h 2 = 1407.3 Btu/lbm 


i / 2 = 2.6034 ftVlbm 
So = 1.7173 Btu/lbm • R 


Then the exit velocity is determined from the steady-flow energy balance E [n = E out with q = w = 0, 


2 2 

h l +v 1 2 /2 = h 2 +v?/2 > o = /z 2 -/! 1 + - 2 


710 


2 


Solving for V 2 , 

^2 = P(h\ ~h 2 ) = 


1 


2(1468.6 -1407.3) Btu/lbm: 


f 25,037 ft 2 /s 2 ^ 

1 Btu/lbm 


= 1752 ft/s 


Then, 


m = — A 2 V 2 = 


1 




2.6034 ft 3 / lbm 


(3.75/144 ft 2 )(1752 ft/s) = 17.53 lbm/s 


The velocity of sound at the exit of the nozzle is determined from 


c = 


f 

1/2 

' A P ' 


s 

U(i/oJ 


Ml 


The specific volume of steam at s 2 = 1-7173 Btu/lbm-R and at pressures just below and just above the specified pressure 
(250 and 300 psia) are determined to be 2.8036 and 2.4329 ft 3 /lbm. Substituting, 


c 2 = 


1 


(300-250) psia 


A 25,037 ft 2 /s 2 V 


1 


1 


lbm/ff 


1 Btu/lbm 


1 Btu 


yv 


5.4039 ft 3 -psia 


= 2065 ft/s 


2.4329 2.8036 

/ 

Then the exit Mach number becomes 

„ V 9 1752 ft/s no . ft 

Ma, = — = = 0.849 

c 2 2065 ft/s 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



17-77 


17-119 Steam enters a converging-diverging nozzle with a low velocity. The exit area and the exit Mach number are to be 
determined. 

Assumptions Flow through the nozzle is steady, one-dimensional, and isentropic. 

Analysis The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is negligible. 
Thus hQ\ = h\. 


At the inlet, 

P x =P 0 x =l MPa 
7j = T 0X = 500°C 

At the exit, 


h x =h ox = 3479.1 kJ/kg 
s x =s 2s = 7.7642 kJ/kg -K 


P 2 = 0.2 MPa 

s 2 = 7.7642 kJ/kg -K 


h 2 =3000.0 kJ/kg 
c/ 2 = 1 .2325 m 3 /kg 





(T) Steam 

Vi«0 


uttt 


77n = 1 00% 


Then the exit velocity is determined from the steady-flow energy balance E [n = £ out with q = w = 0, 


h x +V x /2 = h 2 +V 2 12 




1 710 


2 


Solving for V 2 , 

^2 = = 




2(3479. 1-3000.0) kJ/kg 


ToOO m 2 /s 2 ^ 
1 kJ/kg 


= 978.9 m/s 


The exit area is determined from 


A 2 - 


mv 2 (2.5kg/s)(1.2325m 3 /kg) 


= 31.5x10 4 m 2 = 31.5 cm 4 


V 2 (978.9 m/s) 

The velocity of sound at the exit of the nozzle is determined from 


c = 


f 

1/2 

' A P ' 


s 



1/2 


The specific volume of steam at s 2 = 7.7642 kJ/kg-K and at pressures just below and just above the specified pressure (0.1 
and 0.3 MPa) are determined to be 2.0935 and 0.9024 m 3 /kg. Substituting, 


c 2 = 


(300-100) kPa | 

T000m 2 /s 2 ^ 

r i i ] 

1 \y rr / i-rt ^ 

1 kPa • m 3 

1 0.9024 2.0935 J 

IVg/ ill 


= 563.2 m/s 


Then the exit Mach number becomes 

V 2 978.9 m/s . 

Ma 2 = -^ = = 1.738 

c 2 563.2 m/s 
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17-78 


17-120 Steam enters a converging-diverging nozzle with a low velocity. The exit area and the exit Mach number are to be 
determined. 

Assumptions Flow through the nozzle is steady and one-dimensional. 

Analysis The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is negligible. 
Thus hoi = h\. 


At the inlet, 


P x = P 0l = 1 MPa 1 h t = h m = 3479.1 kJ/kg 


T x = T 0l = 500°C Sj = s 2s = 7.7642 kJ/kg • K 


P 2 = 0.2 MPa 

At state 2s, >h 2 « = 3000.0 kJ/kg 

s 2 =7.7642 kJ/kg -Kj 2 ‘ 9 

The enthalpy of steam at the actual exit state is determined from 



(T) Steam 


Fi^O 



77n = 90% 


7v = 


fy)l ^2 

K\ ~ h 2s 


0.90 = 3479 - 1 -^ 

3479.1-3000.0 


h 2 =3047.9 kJ/kg 


Therefore, 


P 2 = 0.2 MPa 1 i/ 2 = 1.2882 m 3 /kg 
h 2 = 3047.9 kJ/kg j s 2 = 7.7642 kJ/kg • K 


Then the exit velocity is determined from the steady-flow energy balance E- = E t with q = w = 0, 


h x +V x /2 = h 2 +V 2 12 


0 = h 2 ~ h\ + 


V 2- V l 2 


Solving for V 2 , 


f 2 2 ^ 

y 2 =j2(h { -h 2 )= 2(3479. 1-3047.9) kJ/kg 1QQQm _ /s _ = 928.7 m/s 

V 1 kJ/kg 


The exit area is determined from 

A, = ^ = (2 - 5kg/s)(L2882mi/tg) = 34.7 x 10-- 1 m 2 = 34.7 cn, 3 
V: 928.7 m/s 

The velocity of sound at the exit of the nozzle is determined from 


A(1 / 1/) 


The specific volume of steam at s 2 = 7.7642 kJ/kg-K and at pressures just below and just above the specified pressure (0.1 
and 0.3 MPa) are determined to be 2. 1903 and 0.9425 m 3 /kg. Substituting, 


c 2 = 


(300-100) kPa 


0.9425 2.1903 


kg/m 


_ 1000m 2 /s 2 
3 1 kPa • m 3 


= 575.2 m/s 


Then the exit Mach number becomes 


„ V 2 928.7 m/s _ 

Ma ? = — = = 1.61 

c 2 575.2 m/s 
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Review Problems 


17-121 A leak develops in an automobile tire as a result of an accident. The initial mass flow rate of air through the leak is 
to be determined. 

Assumptions 1 Air is an ideal gas with constant specific heats. 2 Flow of air through the hole is isentropic. 

Properties The gas constant of air is R = 0.287 kPa-m /kg-K. The specific heat ratio of air at room temperature is k = 1.4 
(Table A-2a). 

Analysis The absolute pressure in the tire is 

^ = ^gage+^atm =220 + 94 = 314 kPa 

The critical pressure is, from Table 17-2, 

P* = 0.5283P 0 = (0.5283)(3 14 kPa) = 1 66 kPa > 94 kPa 

Therefore, the flow is choked, and the velocity at the exit of the hole is the sonic speed. Then the flow properties at the exit 
becomes 


P 


Po = 


0 


314 kPa 


= 3.671 kg/m 


RT 0 (0.287 kPa • nP / kg • K)(298 K) 

r 2 V^-0 r o xi/(i-4-i) 


P =P o 


ifc + 1 


f 2 \ 
= (3.671 kg/m 3 ) — - 
U.4 + U 


= 2 All kg/m 


T = 


2 


k + 1 


T 0 = 


2 


1.4 + 1 


(298 K) = 248.3 K 


V 


= c = V kRT * = 


(1 .4)(0.287 kJ/kg-K) 


A 1000m 2 /s 2 ^ 


(248.3 K) = 315.9 m/s 


f '' ~ \ 1 kJ/kg 

Then the initial mass flow rate through the hole becomes 

m = pAV = (2.327 kg/m 3 )[^-(0.004m) 2 /4](3 15.9 m/s) = 0.00924 kg/s = 0.554 kg/min 


Discussion The mass flow rate will decrease with time as the pressure inside the tire drops. 
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17-122 The thrust developed by the engine of a Boeing 111 is about 380 kN. The mass flow rate of air through the nozzle is 
to be determined. 


Assumptions 1 Air is an ideal gas with constant specific properties. 2 Flow of combustion gases through the nozzle is 
isentropic. 3 Choked flow conditions exist at the nozzle exit. 4 The velocity of gases at the nozzle inlet is negligible. 

Properties The gas constant of air is R = 0.287 kPa.m 3 /kg.K (Table A-l), and it can also be used for combustion gases. The 
specific heat ratio of combustion gases is k = 1.33 (Table 17-2). 

Analysis The velocity at the nozzle exit is the sonic velocity, which is determined to be 


V = c = yfkRT = 


i 


(1.33X0.287 kJ/kg-K) 


ToOO m 2 /s 2 ^ 


1 kJ/kg 


(265 K) = 318.0 m/s 


Noting that thrust F is related to velocity by F = mV , the mass flow rate of combustion gases is determined to be 



380,000 N ( 1 kg, m/s 2 ' 
318.0 m/s ( IN 


= 1194.8 kg/s 


Discussion The combustion gases are mostly nitrogen (due to the 78% of N 2 in air), and thus they can be treated as air with 
a good degree of approximation. 


17-123 A stationary temperature probe is inserted into an air duct reads 50°C. The actual temperature of air is to be 
determined. 

Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 The stagnation process is isentropic. 
Properties The specific heat of air at room temperature is c p = 1.005 kJ/kg-K (Table A-2a). 

Analysis The air that strikes the probe will be brought to a complete stop, and thus it will undergo a stagnation process. The 
thermometer will sense the temperature of this stagnated air, which is the stagnation temperature. The actual air temperature 
is determined from 


T = T 0 - 


2c 


= 50°C - 


(125 m/s) 2 
2x1.005 kJ/kg-K 


1 kJ/kg 


A 


V 1000m 2 /s 2 ) 


= 42.2°C 


Discussion Temperature rise due to stagnation is very significant in high-speed flows, 
and should always be considered when compressibility effects are not negligible. 



T 

< 

125 m/s 
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17-124 Nitrogen flows through a heat exchanger. The stagnation pressure and temperature of the nitrogen at the inlet and 
the exit states are to be determined. 


Assumptions 1 Nitrogen is an ideal gas with constant specific 
properties. 2 Flow of nitrogen through the heat exchanger is 
isentropic. 

Properties The properties of nitrogen are c p = 1.039 kJ/kg.K 
and k = 1.4 (Table A-2a). 

Analysis The stagnation temperature and pressure of nitrogen 
at the inlet and the exit states are determined from 


150 kPa 
10°C — ► 
100 m/s 



/ 

Nitrogen 


100 kPa 
180 m/s 




Yl 

2c 


= 10°C 


p 


(100 m/s) 2 
2x1.039 kJ/kg -°C 


1 kJ/kg 
1000 m 2 /s 


14.8°C 




T, 




01 




k/(k-\) 


f 


(150kPa) 


v 


288.0 
283.2 K y 


1 . 4 /( 1 . 4 - 1 ) 


159.1 kPa 


From the energy balance relation E m - E out = A£ system with w = 0 


<1 in = C p( T 2-T\) + 


^ — ^- + Ape^° 


125 kJ/kg = (1.039 kJ/kg • °C)(T 2 - 1 0°C) 


(180 m/s) 2 -(100 m/s) ' 


1 kJ/kg 


UOOOm 2 /s 2 ) 


T 2 = 1 19.5°C 


and 


^02 ~^2 


2c 


= 1 19.5°C + 


(180 m/s) 2 
2x1.039 kJ/kg -°C 


1 kJ/kg 
1000 m 2 /s 2 


= 135.1°C 


^02 ” ^2 


r T \k!{k- 1) 
02 


\ T 2 ) 


= (100 kPa) 


r 408.3 k aL4/(1 ' 4 !> 


392.7 K 


= 114.6 kPa 


Discussion Note that the stagnation temperature and pressure can be very different than their thermodynamic counterparts 
when dealing with compressible flow. 
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17-125 An expression for the speed of sound based on van der Waals equation of state is to be derived. Using this relation, 
the speed of sound in carbon dioxide is to be determined and compared to that obtained by ideal gas behavior. 

Properties The properties of CO2 are R = 0. 1889 kJ/kg-K and k = 1.279 at T= 50°C = 323.2 K (Table A-2b). 

Analysis Van der Waals equation of state can be expressed as 

P - RT a 
v-b t/ 2 

Differentiating, 

' dP' _ RT + 2a 
\dv) T ( 1 ,-b) 2 c/ 3 


Noting that p = 1 / 1/ 


dp = -dv / v , the speed of sound relation becomes 


Substituting, 


Using the molar mass of CO2 (M = 44 kg/kmol), the constant a and b can be expressed per unit mass as 
a = 0.1882kPa-m 6 /kg 2 and b = 9.705 xlO -4 m 3 / kg 


The specific volume of C0 2 is determined to be 

200 k Pa = ^ Pa ' m3 7 ' K)(323.2 K) - 2 x O. 1882 k p a m 6 /kg 2 _ q 3Q31 m 3 / kg 

(/- 0.0009705 m 3 /kg v 1 

Substituting, 


(0.3031m 3 /kg) 2 (l. 2 79)(0.1889kJ/kg-K)(3 2 3. 2 K) 1000m 2 / s 2 
(0.3031-0.0009705 m 3 /kg) 2 lkJ/kg 

2(0. 1882 kPa.m 6 /kg 3 )(1.279) 1000m 2 / s 2 
(0.3031m 3 /kg) 2 lkPa -m 3 /kg 


^ (0.3031m /kg) 1 kPa • m /kg 

If we treat C0 2 as an ideal gas, the speed of sound becomes 


= 277.5 m/s 


c = -JkRT = , (1.279)(0. 1889 kJ/kg • K)(323.2 K) 


1000m 2 / s 2 
1 kJ/kg 


Discussion Note that the ideal gas relation is the simplest equation of state, and it is very accurate for most gases 
encountered in practice. At high pressures and/or low temperatures, however, the gases deviate from ideal gas behavior, and 
it becomes necessary to use more complicated equations of state. 
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17-126 The equivalent relation for the speed of sound is to be verified using thermodynamic relations. 

2 cP 9 

Analysis The two relations are c - — and c -k 

\ d P)s 

From r = l/i/ > dr = -d vlv . Thus, 

2 (SP\ i(dP\ 2 (8P8T\ 2 (8P\(8T\ 

c = = -1/ = -1/ = -c/ 

UU, Ur 

From the cyclic rule, 


(P,T,s):\ 

f 8P \ (8T W ds} 1 

IctJa 5 - 5 )X dP JT 

f 8P ) 

( 8s ' 

f 8P 

\ST), " 

Ur, 

p\ds 

(T, c/, s ) : 

r 8T^ fdv} f 8s 'j : 

V di/J s [cis )\dT) v 

'8t\ 


f 8T 



A ds , 


Substituting, 

2 i( 9s ^fdP^fds ^fdT^ 2 ( 8s \ ( 8T\ ( dP'] 
c = -</ — — = — (/ 

\8T ) p \ 8s ) T \d</) T \ 8s ) v \8T ) P \ 8s )\ 8s ) T 

Recall that 





Discussion Note that the differential thermodynamic property relations are very useful in the derivation of other property 
relations in differential form. 
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17-127 For ideal gases undergoing isentropic flows, expressions for PIP*, TIT *, and pi p* as functions of k and Ma are to be 
obtained. 

Analysis Equations 17-18 and 17-21 are given to be 

T 0 _ 2 + (fc-l)Ma 2 
T ~ 2 

and 

r* 2 


Multiplying the two, 


T 0 T*^ 


^2 + (£-l)Ma 2 2 

f 2 ) 

U T 0J 


l 2 J 

yk + ly 


Simplifying and inverting, 

T _ k + \ 

T* 2 + (£-l)Ma 2 

From 


P 
~P * 


T_ 

p ^ 


k !{k- 1) 


P 

p H 1 


k + \ 




2 + (/c -l)Ma 


k/(k-\) 


From 


( 1 ) 


( 2 ) 


P 

P* 


_P_ 

P* 




k/(k- 1) 


P 


P 


k + \ 


\ 


2 + (k- l)Ma 


k/(k- 1) 


( 3 ) 


Discussion Note that some very useful relations can be obtained by very simple manipulations. 
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17-128 It is to be verified that for the steady flow of ideal gases dTJT = dA/A + (1-Ma 2 ) dV/V. The effect of heating and 
area changes on the velocity of an ideal gas in steady flow for subsonic flow and supersonic flow are to be explained. 


Analysis We start with the relation 


V 


2 


Differentiating, 
We also have 

and 


VdV = c p (dT 0 -dT) 
dp dA dV 


P 

dP 


A V 
+ VdV = 0 


= 0 


P 


Differentiating the ideal gas relation P = pRT ', 


Combining Eqs. (3) and (5), 
Combining Eqs. (4) and (6), 

or, 

Combining Eqs. (2) and (6), 

dV 


P T 
dP dP 


T), 

(i) 


(2) 


(3) 


(4) 

dP dp dT 
— = — + — = 0 

(5) 

P p T 

-V)c p T = kP/p 

(6) 

o 

II 

(7) 


p kP / c 
dP k 


= -VdV 


P 


VdV = -k 


V 1 dV 2 dV 


c 


2 V 


= -IcMa 


V 


dT = dT 0 - V 


or, 


dT dT n V z dV dT dT c 


V 


dV dTr 


T T c p T V T 
Combining Eqs. (7), (8), and (9), 

-(k- l)Ma 
dT 0 dA 


T c 2 /(k- 1) V T 


(k- l)Ma 


2 dV 


V 


' dV dT ° 


2 dV dA dV 


V 


T 


or, 


Thus, 


T 

dT 0 


A 

dA 


- £Ma 2 +(k- l)Ma 2 +1 


/I TV , 2 \ dV 

■f (1-Ma ) 


V A 
dV 


V 


= 0 


V 


T A ' V 

Differentiating the steady-flow energy equation g = h 02 ~h 0l = c p (T 02 ~T 0{ ) 


( 8 ) 


(9) 


(10) 


Sq = c p dT 0 (11) 

Eq. (11) relates the stagnation temperature change dT 0 to the net heat transferred to the fluid. Eq. (10) relates the velocity 
changes to area changes dA , and the stagnation temperature change dT 0 or the heat transferred. 

(a) When Ma < 1 (subsonic flow), the fluid will accelerate if the duck converges ( dA < 0) or the fluid is heated (< dT 0 > 0 or 
5q > 0). The fluid will decelerate if the duck converges (dA < 0) or the fluid is cooled (dT 0 < 0 or Sq < 0). 

(b) When Ma > 1 (supersonic flow), the fluid will accelerate if the duck diverges (dA > 0) or the fluid is cooled (dT 0 < 0 or 
dq < 0). The fluid will decelerate if the duck converges (dA < 0) or the fluid is heated (dT 0 > 0 or 5 q> 0). 
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17-129 A pitot tube measures the difference between the static and stagnation pressures for a subsonic airplane. The speed 
of the airplane and the flight Mach number are to be determined. 

Assumptions 1 Air is an ideal gas with constant specific heat ratio. 2 The stagnation process is isentropic. 

Properties The properties of air are R = 0.287 kJ/kg.K and k = 1.4 (Table A-2a). 

Analysis The stagnation pressure of air at the specified conditions is 


ft = P + AP = 30.8 + 20 = 50.8 kPa 


Then, 


Zo 

P 


1 + 


(k - l)Ma 
2 


2 \k/k - 1 


50.8 

30.8 


1 + 


(1.4 - l)Ma 
2 


2 ^ 


1.4/0.4 


It yields 

Ma = 0.877 

The speed of sound in air at the specified conditions is 


c = JkRT = 


1 


(1 .4)(0.287 kJ/kg • K)(240 K) 


ToOO m 2 /s 2 ^ 


1 kJ/kg 


= 310.5 m/s 


Thus, V = Max c = (0.877)(310.5 m/s) = 272 m/s 

Discussion Note that the flow velocity can be measured in a simple and accurate way by simply measuring pressure. 


17-130 The mass flow parameter m^RT 0 / (AP 0 ) versus the Mach number for k= 1.2, 1.4, and 1.6 in the range of 
0 < Ma <1 is to be plotted. 

Analysis The mass flow rate parameter (m^RT 0 ) / P {) A can be expressed as 


mjRT Q 

P 0 A 


= Ma yfk\ 


2 




2 + (k- l)M 


(k+X) 1 2{k-\) 


Thus, 


Ma k = 1.2 


0.0 

0 

0.1 

0.1089 

0.2 

0.2143 

0.3 

0.3128 

0.4 

0.4015 

0.5 

0.4782 

0.6 

0.5411 

0.7 

0.5894 

0.8 

0.6230 

0.9 

0.6424 

1.0 

0.6485 


• 

II 

• 

II 

0 

0 

0.1176 

0.1257 

0.2311 

0.2465 

0.3365 

0.3582 

0.4306 

0.4571 

0.5111 

0.5407 

0.5763 

0.6077 

0.6257 

0.6578 

0.6595 

0.6916 

0.6787 

0.7106 

0.6847 

0.7164 



Discussion Note that the mass flow rate increases with increasing Mach number and specific heat ratio. It levels off at Ma = 
1, and remains constant (choked flow). 
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17-131 Helium gas is accelerated in a nozzle. The pressure and temperature of helium at the location where Ma = 1 and the 
ratio of the flow area at this location to the inlet flow area are to be determined. 


Assumptions 1 Helium is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, 
and isentropic. 

Properties The properties of helium are R = 2.0769 kJ/kg-K, c p = 5.1926 kJ/kg-K, and k = 1.667 (Table A-2a). 

Analysis The properties of the fluid at the location where Ma = 1 are the critical properties, denoted by superscript *. We 
first determine the stagnation temperature and pressure, which remain constant throughout the nozzle since the flow is 
isentropic. 


and 


T 0 =T t 


Yl 

2c 


= 500 K 


p 


(120 m/s) 2 
2x5. 1926 kJ/kg-K 


1 kJ/kg 
1000m 2 / s 


= 501.4 K 


Po=Pi 


Tr 


\ 


T 

\ L i j 


k/(k-\) 


/cm a v \ 1*667/(1.667-1) 


= (0.8 MPa) 


501.4 K 
500 K 


= 0.806 MPa 



The Mach number at the nozzle exit is given to be Ma = 1 . Therefore, the properties at the nozzle exit are the critical 
properties determined from 


r* = 7; 


ifc + 1 


(501.4 K) 


U. 667 + 1 


= 376 K 


P* = Pn 


2 


k + 1 


k/(k- 1) r 

= (0.806 MPa) 


2 


1.667 + 1 


1.667/(1.667-1) 


= 0.393 MPa 


The speed of sound and the Mach number at the nozzle inlet are 
C: = V kR T j = 




(1.667)(2.0769 kJ/kg • K)(500 K) 


^lOOOm 2 /s 2 ^ 


1 kJ/kg 


= 1316 m/s 


= 2^1. 0.0912 
c t 1316 m/s 

The ratio of the entrance-to-throat area is 


A; 


1 


A* Ma i 

1 


/ 


2 




\k + l y 
/ 


1 + - — ^Ma 2 


2 


_ l(^+l)/[2(^-l)] 


0.0912 

= 6.20 


2 


1.667 + 1 


1 + 


1.667-1 


\ 


2 


(0.0912) 


-.2.667/(2x0.667) 


Then the ratio of the throat area to the entrance area becomes 

il.-L.CMl 

A i 6.20 

Discussion The compressible flow functions are essential tools when determining the proper shape of the compressible flow 
duct. 
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17-132 Helium gas enters a nozzle with negligible velocity, and is accelerated in a nozzle. The pressure and temperature of 
helium at the location where Ma = 1 and the ratio of the flow area at this location to the inlet flow area are to be determined. 


Assumptions 1 Helium is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, 
and isentropic. 3 The entrance velocity is negligible. 


Properties The properties of helium are R = 2.0769 kJ/kg-K, c p = 5.1926 kJ/kg-K, and k = 1.667 (Table A-2a). 

Analysis We treat helium as an ideal gas with k = 1.667. The properties of the fluid at the location where Ma = 1 are the 
critical properties, denoted by superscript *. 

The stagnation temperature and pressure in this case are identical to the inlet temperature and pressure since the 
inlet velocity is negligible. They remain constant throughout the nozzle since the flow is isentropic. 


T 0 = Ti = 500 K 
P 0 = Pi = 0.8 MPa 

The Mach number at the nozzle exit is given to be Ma = 1 . Therefore, the 
properties at the nozzle exit are the critical properties determined from 




o 


2 

* + 1 


= (500 K) 


^ 2 

vl.667 + 1 


= 375 K 



P* = Pr 


2 

k + l 


*/(*-i) r 

= (0.8 MPa) 


2 




1.661 + 1) 


1.667/(1.667-1) 


= 0.390 MPa 


The ratio of the nozzle inlet area to the throat area is determined from 

n -,(*+1)/[2(*-1)] 


A: 


1 


A* Ma 


2 

T+i 


i+ 


k - 1 


Ma f 


But the Mach number at the nozzle inlet is Ma = 0 since V- x = 0. Thus the ratio of the throat area to the nozzle inlet area is 

A * 1 

— = - = 0 

A i oo 

Discussion The compressible flow functions are essential tools when determining the proper shape of the compressible flow 
duct. 
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17-133 Air enters a converging nozzle. The mass flow rate, the exit velocity, the exit Mach number, and the exit 

pressure-stagnation pressure ratio versus the back pressure-stagnation pressure ratio for a specified back pressure range are 
to be calculated and plotted. 


Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 Flow through the nozzle is steady, 
one-dimensional, and isentropic. 


Properties The properties of air at room temperature are R = 0.287 kJ/kg-K, c p = 1.005 kJ/kg-K, and k = 1.4 (Table A-2a). 

Analysis The stagnation properties remain constant throughout the nozzle since the flow is isentropic. They are determined 
from 


T o = T i + 


= 500 K + (230m/s) 

2c „ 


2x1.005 kJ/kg-K 


1 kJ/kg 


U000m 2 /s 2 ; 


= 526.3 K 


and 


Po=Pi 


0 


T n 1 ' ( 526.3 K aL4/(1 ' 4-1) 


T 

y 


= (900 kPa) 
The critical pressure is determined to be 


500 K 


= 1077 kPa 



0 




r 2 


V k + ly 


= (1077 kPa) 


r 2 M - 4/0 - 4 


1.4 + 1 

Then the pressure at the exit plane (throat) will be 


= 569.0 kPa 


P e = Ph for 

P=P* = 569.0 kPa for 


P b > 569.0 kPa 

P h <569.0 kPa (choked flow) 


Thus the back pressure will not affect the flow when 100 < P b < 569.0 kPa. For a specified exit pressure P e , the 
temperature, the velocity and the mass flow rate can be determined from 


Temperature T = 77 


r p \(k-i)/k 

y p oj 


, _ nO.4/1.4 


= (526.3 K) 


v 1077 y 


Velocity V = ^2c p (T 0 -T e ) = 


1 


2(1.005 kJ/kg -K)(526.3 -T e ) 


/ 1000m 2 /s 2 ^ 
1 kJ/kg 


Speed of sound 

Mach number 
Density 

Mass flow rate 


c p = -JkRT e = 


Ma e =V e !c e 


i 


(1.4)(0.287 kJ/kg-K) 


^1000 m 2 /s 2 ^ 


1 kJ/kg 


P., 


P., 


Pe = 


RT e (0.287 kPa • m J / kg • K )T 


ni = P e V e A e = p e V e (0.00\m 2 ) 


The EES solution and the results are given below 

"Given” 

P_i=900 ”[kPa]” 

T_i=500 ”[K]" 

Vel_i=230 ”[m/s]” 

A_e=10E-4 ”[m A 2]” 
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"Properties" 

C_p=1.005 

k=1.4 

R=0.287 

"Analysis" 

T 0=T_i+ V el_i A 2/ (2 * C_p) * Convert(m A 2/s A 2 , kJ/kg) 
P0=P_i*(T0/T_i) A (k/(k- 1 )) 

P_star=P0*(2/(k+ 1 )) A (k/(k- 1 )) 

T_e=T 0 * (P_e/P0) A ((k- 1 )/k) 

Vel_e=sqrt(2 * C_p * (T0-T_e) * Convert(k J/kg, m A 2/s A 2)) 
C_e=sqrt(k*R*T_e*Convert(kJ/kg, m A 2/s A 2)) 

M_e=Vel_e/C_e 
rho_e=P_e/(R* T_e) 
m_dot=rho_e * V el_e * A_e 
RatioP_e=P_e/P0 
RatioP_b=P_b/P0 

"P e=P b for P b >= P star and P e=P star for P b < P star 


P b , kPa 

RatioP b 

P e , kPa 

RatioPe 

T e , K 

V e , m/s 

M e 

p e , kg/m 3 

m, kg/s 

900 

0.836 

900 

0.836 

500 

230 

0.51 

6.272 

1.443 

800 

0.743 

800 

0.743 

483.5 

293.5 

0.67 

5.766 

1.692 

700 

0.650 

700 

0.650 

465.4 

350 

0.81 

5.241 

1.835 

600 

0.557 

600 

0.557 

445.3 

403.5 

0.95 

4.695 

1.894 

569 

0.528 

545.9 

0.507 

433.4 

432.1 

1.04 

4.388 

1.896 

500 

0.464 

545.9 

0.507 

433.4 

432.1 

1.04 

4.388 

1.896 

400 

0.371 

545.9 

0.507 

433.4 

432.1 

1.04 

4.388 

1.896 

300 

0.279 

545.9 

0.507 

433.4 

432.1 

1.04 

4.388 

1.896 

200 

0.186 

545.9 

0.507 

433.4 

432.1 

1.04 

4.388 

1.896 

100 

0.093 

545.9 

0.507 

433.4 

432.1 

1.04 

4.388 

1.896 
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Pb 




Pb 
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17-134 



Steam enters a converging nozzle. The exit pressure, the exit velocity, and the mass flow rate versus the back 


pressure for a specified back pressure range are to be plotted. 


Assumptions 1 Steam is to be treated as an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one- 
dimensional, and isentropic. 3 The nozzle is adiabatic. 


Properties The ideal gas properties of steam are given to be R = 0.462 kJ/kg.K, c p = 1.872 kJ/kg.K, and k = 1.3. 

Analysis The stagnation properties in this case are identical to the inlet properties since the inlet velocity is negligible. Since 
the flow is isentropic, they remain constant throughout the nozzle, 


P 0 = P i = 6 MPa 
T 0 = Tj = 700 K 

The critical pressure is determined from to be 


P* = Pn 


k + l 


*/(*-i) r 

= (6 MPa) 


\ 1 . 3 / 0.3 


= 3.274 MPa 


U.3 + U 



Then the pressure at the exit plane (throat) will be 


P e = P b for P b > 3.274 MPa 

P e = P* = 3.274 MPa for P b < 3.274 MPa (choked flow) 

Thus the back pressure will not affect the flow when 3 < P h < 3.274 MPa. For 
a specified exit pressure P e , the temperature, the velocity and the mass flow 
rate can be determined from 


Temperature 


T e =T 0 


r p \(k-i )/k 


k p o J 


= (700 K) 


r p \ 0 . 3 / 1.3 


v u y 


Velocity 


V=j2c p {T 0 -T e ) = 


il 


2(1.872 kJ/kg-K)(700 -T e ) 


T000m 2 /s 2> l 


1 kJ/kg 


Density 


P„ 


P„ 


Pe = 


RT e (0.462 kPa • m 3 / kg • K )T 


Mass flow rate 




m = p e V e A e =p e V e (0.0008 m 2 ) 


The results of the calculations can be tabulated as follows: 


P b , MPa 

P e , MPa 

T e , K 

V e , m/s 

Pe, kg/m 3 

m, kg/s 

6.0 

6.0 

700 

0 

18.55 

0 

5.5 

5.5 

686.1 

228.1 

17.35 

3.166 

5.0 

5.0 

671.2 

328.4 

16.12 

4.235 

4.5 

4.5 

655.0 

410.5 

14.87 

4.883 

4.0 

4.0 

637.5 

483.7 

13.58 

5.255 

3.5 

3.5 

618.1 

553.7 

12.26 

5.431 

3.274 

3.274 

608.7 

584.7 

11.64 

5.445 

3.0 

3.274 

608.7 

584.7 

11.64 

5.445 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


17-93 


17-135 An expression for the ratio of the stagnation pressure after a shock wave to the static pressure before the shock wave 
as a function of k and the Mach number upstream of the shock wave is to be found. 

Analysis The relation between P\ and P 2 is 


P, 1 + kMa 


Pi 1 + kMaf 


+ P, =P 


'l + ifcMap 


1 + kMa 


2 J 


Substituting this into the isentropic relation 


02 


= (l + (£ -l)Ma2 / 2 ) 


k/(k- 1) 


Then, 


P 


02 


P 


1 + kMa 


2 ^ 
1 


1 + kMa 


l + (^-l)Ma2 / 2 ) 


k/(k-\) 


2 ) 


where 


Mao = 


Ma? +2/(k -1) 
2kUa\ /(it-l)-l 


Substituting, 


P, 


02 


P 


{\ + kMa\)(2kUa\ -k + 1) 
kUa\{k + X)-k + 3 


(Jt-l)Maf /2 + 1 
2£Ma j 2 /(k-l)-l 


k/(k~ 1) 
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17-136 Nitrogen entering a converging-diverging nozzle experiences a normal shock. The pressure, temperature, velocity, 
Mach number, and stagnation pressure downstream of the shock are to be determined. The results are to be compared to 
those of air under the same conditions. 


Assumptions 1 Nitrogen is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, 
and isentropic. 3 The nozzle is adiabatic. 


Properties The properties of nitrogen are R = 0.2968 kJ/kg-K and k = 1.4 (Table A-2a). 


Analysis The inlet stagnation properties in this case are identical to 
the inlet properties since the inlet velocity is negligible. Assuming the 
flow before the shock to be isentropic, 

P 0l = Pi = 700 kPa 
T 0l = Ti = 300 K 


Then, 


ri=r 0 i 


2 + (A;-l)Maf 


\ r 

— (300 K)' 


2 + (1.4-l)3 


= 107.1 K 


© 

Vi*0 



shock 

wave 


Ma, = 3.0 


and 




r T x */(*-i) 


V r oi j 


= (700 kPa) 


O0 7.0 L4/0 ' 4 


300 


19.06 kPa 


The fluid properties after the shock (denoted by subscript 2) are related to those before the shock through the functions 
listed in Table A-33. For Maj = 3.0 we read 


Ma 2 


= 0.4752, 


02 


01 


0.32834, — = 10.333, and — 

p \ L 


2.679 


Then the stagnation pressure P 0 2 , static pressure P 2 , and static temperature 7© are determined to be 

P 02 = 0.32834P 01 = (0.32834)(700 kPa) = 230 kPa 
P 2 = 10.333 P x = (10.333)(19.06 kPa) = 197 kPa 
T 2 = 2.679Tj = (2.679)(107. 1 K) = 287 K 


The velocity after the shock can be determined from V 2 = Ma 2 c 2 , where c 2 is the speed of sound at the exit conditions after 
the shock, 


V 2 = Ma 2 c 2 = Ma 2 ^kRT 2 = (0.4752) 


(1 .4)(0.2968 kJ/kg • K)(287 K) 


^lOOOm 2 /s 2 ^ 


1 kJ/kg 


= 164 m/s 


Discussion For air at specified conditions k = 1 .4 (same as nitrogen) and R = 0.287 kJ/kg-K. Thus the only quantity which 
will be different in the case of air is the velocity after the normal shock, which happens to be 161.3 m/s. 
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17-137 The diffuser of an aircraft is considered. The static pressure rise across the diffuser and the exit area are to be 
determined. 

Assumptions 1 Air is an ideal gas with constant specific heats at room 
temperature. 2 Flow through the diffuser is steady, one-dimensional, 
and isentropic. 3 The diffuser is adiabatic. 


Properties Air properties at room temperature are R = 0.287 kJ/kg-K, 
c p = 1.005 kJ/kg-K, and k = 1.4 (Table A-2a). 

Analysis The inlet velocity is 



Vj = MajCj = M ly [kRT\ = (0.7) 




(1 .4X0.287 kJ/kg • K)(242.7 K) 


T000 m 2 /s 2 ^ 


1 kJ/kg 


= 218.6 m/s 


Then the stagnation temperature and pressure at the diffuser inlet become 

1 kJ/kg A 


T m ~T\ + 


= 242.7 + (218 ' 6m/s)2 ' 

2c 


p 


2(1 .005 kJ/kg-K) 


2 / 2 


= 266.5 K 


?oi = Pi 


^k/(k- 1) 

01 


7ki \ ' ' Y 266.5 fO L4/(L4 1} 




= (41.1 kPa) 


242.7 K 


1000 m /s' 

= 57.0 kPa 


For an adiabatic diffuser, the energy equation reduces to /i 0 i = ^ 02 - Noting that h = c P T and the specific heats are assumed to 
be constant, we have 

Toi = T 02 = T 0 = 266.5 K 

The isentropic relation between states 1 and 02 gives 


^02 ~ ^1 


r T \k/(k- 1) 
7 02 




= (41.1 kPa) 


^ 266.5 K aI - 4/(1,4_1) 


242.7 K 


= 55.59 kPa 


The exit velocity can be expressed as 

V 2 = Ma 2 c 2 = Ma 2y jkRT 2 = (0.25) 




(1.4X0.287 kJ/kg K)T 2 


ToOOm 2 /s 2 ^ 


1 kJ/kg 


= 5. OUT 


Thus , T 2 =T { 


V, 


2/2 


02 


2c 


= (266.5) - 


5.01 Z T, m /s 


p 2(1.005 kJ/kg-K) 

Then the static exit pressure becomes 


1 kJ/kg 


A 


1000m 2 /s 2 


->r 2 = 263.2 K 


^2 _ Y )2 


^ /(W) '263.2 K^ 4 * 1 ^ 




V^02 J 


= (55.59 kPa) 


266.5 K 


= 53.23 kPa 


Thus the static pressure rise across the diffuser is 
A P = P 2 -P l -53.23-41.1 = 12.13 kPa 


Also, p 2 = 


A 


53.23 kPa 


Thus, A 2 = 


RT 2 (0.287 kPa • m 3 /kg • K)(263.2 K) 

V 2 =6.0l777 = 5.0W263.2 =81.3 m/s 

30kg/s 


-0.7047 kg/m 


m 


P?Y 2 (0.7047 kg/m 3 )(8 1.3 m/s) 


= 0.524 m 


Discussion The pressure rise in actual diffusers will be lower because of the irreversibilities. However, flow through well- 
designed diffusers is very nearly isentropic. 
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17-138 Helium gas is accelerated in a nozzle isentropically. For a specified mass flow rate, the throat and exit areas of the 
nozzle are to be determined. 

Assumptions 1 Helium is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, 
and isentropic. 3 The nozzle is adiabatic. 

Properties The properties of helium are R = 2.0769 kJ/kg.K, c p = 5.1926 kJ/kg.K, k = 1.667 (Table A-2a). 

Analysis The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is negligible, 
T 0l =T X = 500 K 

P 01 = Pi = 1.0 MPa Jf 



The flow is assumed to be isentropic, thus the stagnation 

temperature and pressure remain constant throughout the nozzle, He ► ^ 2 ^ 

^02 ~ T 0l = 500 K Vi ~ 0 ^ 

p 02 = p Ql = 1.0 MPa f ^ 

The critical pressure and temperature are determined from 


r* = 7; 


ifc + i 


= (500 K) 


1.667 + 1 


= 375. OK 


P* = Pn 


k + l 


k/(k-\) 


= (1.0 MPa) 


1.667 + 1 


1.667/(1.667-1) 


= 0.487 MPa 


P* = 


P* 487 kPa 

RT* ~ (2.0769 kPa-m 3 /kg-K)(375K) 


= 0.625 kg/m 


J f 2 2 \ 

(1 ,667)(2.0769 kJ/kg • K)(375 K) 1000 m /s =1139.4 m/s 

1 kJ/kg I 


Thus the throat area is 


A* = 


m 0.25 kg/s 

p*V* (0.625 kg/m 3 )(1 139.4 m/s) 


= 3.51xl0~ 4 m 2 = 3.51cm 2 


At the nozzle exit the pressure is P 2 = 0.1 MPa. Then the other properties at the nozzle exit are determined to be 


= fl + *±Ma 


k!{k-\) 


1.0 MPa 
0.1 MPa 


= 1 + 


1.667-1 


1.667/0.667 


It yields Ma 2 = 2. 130, which is greater than 1. Therefore, the nozzle must be converging-diverging. 




2 if 2 

T - (500 K) - 

2 + (k-l)Ma 2 J l 2 + (1.667-l)x2.13 2 


= 199.0 K 


Pi = 


P 2 _ 100 kPa 

RT 2 (2.0769 kPa • m 3 /kg • K)(199K) 


= 0.242 kg/m 


V 2 = Ma 2 c 2 = Ma 2 


f 2 2 A 

T = (2.13) (1.667)(2.0769 kJ/kg -K)(199K) 1000m /s = i 7 68.0m/s 
V l 1 kJ/kg ) 


Thus the exit area is 


A 2 - 


m 0.25 kg/s 

p 2 V 2 (0.242 kg/m 3 )(1 768 m/s) 


= 5.84x 10 -4 m 2 = 5.84cm 2 


Discussion Flow areas in actual nozzles would be somewhat larger to accommodate the irreversibilities. 
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17-139E Helium gas is accelerated in a nozzle. For a specified mass flow rate, the throat and exit areas of the nozzle are to 
be determined for the cases of isentropic and 97% efficient nozzles. 

Assumptions 1 Helium is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, 
and isentropic. 3 The nozzle is adiabatic. 

Properties The properties of helium are R = 0.4961 Btu/lbm-R = 2.6809 psia-ft 3 /lbm-R, c p = 1.25 Btu/lbm-R, and k = 1.667 
(Table A-2Ea). 

Analysis The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is negligible, 


T 0l =T { = 900 R 
Poi = f] = 150 psia 

The flow is assumed to be isentropic, thus the stagnation temperature 
and pressure remain constant throughout the nozzle, 

702 = T 0l = 900 R 
^02 = P 0 l = 150 P sia 



The critical pressure and temperature are determined from 




P* = Pn 


jfc + i 
r 2 


k + 1 


= (900 R) 

k/(k- 1) 


2 


= 674.9 R 


P* = 


P 


V 1.667+ 1 
= (150 psia) 
73.1 psia 


2 


1.667 + 1 


1.667/(1.667-1) 


= 73.1 psia 


RT * (2.6809 psia • ft 3 /lbm • R)(674.9 R) 


= 0.0404 lbm/ft 



V* = c* = -JkRT * = 


i 


and A* = 


m 


(1.667)(0.4961 Btu/lbm • R)(674.9 R) 
021bm/s = 0.00132 ft 2 


+5,037 ft 2 /s 2 ^ 

1 Btu/lbm 


= 3738 ft/s 


p*V* (0.0404 lbm/ft 3 )(3738 ft/s) 

At the nozzle exit the pressure is Pi = 15 psia. Then the other properties at the nozzle exit are determined to be 


Po_ 

Pi 


i ^“1,, 2 

1 + Mai 


k/(k-\) 


150 psia 
15 psia 


' 1.667-1 2 

1 + Mai 


X 1.667/0.667 


It yields Ma 2 = 2.130, which is greater than 1 . Therefore, the nozzle must be converging-diverging. 


t 2 =t 0 


Pi = 


2 + (k-\)Ma 2 2 


\ r 

= (900 R) 

15 psia 


2 + (1.667-l)x2.13 


= 358.1 R 


RT 2 (2.6809 psia • ft 3 /lbm • R)(358. 1 R) 


= 0.0156 lbm/ft 


V 2 =Ma 2 c 2 =Ma 2 JkRT 2 =(2.13) 




(1.667)(0.4961 Btu/lbm -R)(358.1R) 


+5,037 ft 2 / s 2 ^ 

1 Btu/lbm 


- 5800 ft/s 


Thus the exit area is 


A 2 - 


m 


0.2 lbm/s 


= 0.00221ft 


/ o 2 V 2 (0.0156 lbm/ft 3 )(5800 ft/s) 

Discussion Flow areas in actual nozzles would be somewhat larger to accommodate the irreversibilities. 


PROPRIETARY MATERIAL . © 201 1 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 



17-98 



17-140 Using the compressible flow relations, the one-dimensional compressible flow functions are to be evaluated 
and tabulated as in Table A-32 for an ideal gas with k = 1.667. 

Properties The specific heat ratio of the ideal gas is given to be k = 1.667. 

Analysis The compressible flow functions listed below are expressed in EES and the results are tabulated. 


Ma = Ma 


k + 1 


2 + (&-l)Ma 


A 


1 


A Ma 


2 


k + 1 


1 + 


k - 1 




Ma 


-|0.5(*+l)/(*-l) 


P 0 V 

p 


1 + — Ma 2 


-k !{k- 1 ) 


' k-l„ 2 '- lKk ~ l) 


P 0 


1 + 


Ma 


T 


T, 


1 + - — -Ma 2 




0 v 


k= 1.667 

PP0=( 1 +(k- 1 ) *M A 2/2) A (-k/(k- 1 )) 

TT0= 1 /( 1 +(k- 1 )*M A 2/2) 

DD0=( 1 +(k- 1 ) * M A 2/2) A (- 1 /(k- 1 )) 

Mcr=M* SQRT((k+ 1 )/(2+(k- 1 )*M A 2)) 

AAcr=((2/(k+ 1 )) * ( 1 +0 . 5 * (k- 1 ) * M A 2)) A (0 . 5 * (k+ 1 )/(k- 1 ))/M 


Ma 

Ma* 

A/A* 

PIP 0 

plpo 

TIT 0 

0.0 

0 

GO 

1.0000 

1.0000 

1.0000 

0.1 

0.1153 

5.6624 

0.9917 

0.9950 

0.9967 

0.2 

0.2294 

2.8879 

0.9674 

0.9803 

0.9868 

0.3 

0.3413 

1.9891 

0.9288 

0.9566 

0.9709 

0.4 

0.4501 

1.5602 

0.8782 

0.9250 

0.9493 

0.5 

0.5547 

1.3203 

0.8186 

0.8869 

0.9230 

0.6 

0.6547 

1.1760 

0.7532 

0.8437 

0.8928 

0.7 

0.7494 

1.0875 

0.6850 

0.7970 

0.8595 

0.8 

0.8386 

1.0351 

0.6166 

0.7482 

0.8241 

0.9 

0.9222 

1.0081 

0.5501 

0.6987 

0.7873 

1.0 

1.0000 

1.0000 

0.4871 

0.6495 

0.7499 

1.2 

1.1390 

1.0267 

0.3752 

0.5554 

0.6756 

1.4 

1.2572 

1.0983 

0.2845 

0.4704 

0.6047 

1.6 

1.3570 

1.2075 

0.2138 

0.3964 

0.5394 

1.8 

1.4411 

1.3519 

0.1603 

0.3334 

0.4806 

2.0 

1.5117 

1.5311 

0.1202 

0.2806 

0.4284 

2.2 

1.5713 

1.7459 

0.0906 

0.2368 

0.3825 

2.4 

1.6216 

1.9980 

0.0686 

0.2005 

0.3424 

2.6 

1.6643 

2.2893 

0.0524 

0.1705 

0.3073 

2.8 

1.7007 

2.6222 

0.0403 

0.1457 

0.2767 

3.0 

1.7318 

2.9990 

0.0313 

0.1251 

0.2499 

5.0 

1.8895 

9.7920 

0.0038 

0.0351 

0.1071 

oc 

1.9996 

00 

0 

0 

0 
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17-141 Using the normal shock relations, the normal shock functions are to be evaluated and tabulated as in Table A- 
33 for an ideal gas with k = 1 .667. 

Properties The specific heat ratio of the ideal gas is given to be k = 1.667. 

Analysis The normal shock relations listed below are expressed in EES and the results are tabulated. 


I(k- l)Maf +2 
\ 2kMaf -k + 1 


P 2 _ 1 + £Ma \ _ 2kMa\ -k + 1 
P x l + kMa\ k + 1 


T 2 _ 2 + Ma x (k -l) 
T x 2 + Ma \{k-\) 


p 2 _ P 2 /P l _ (fc + l)Ma? _V X 
P\ T 2 / T\ 2 + (k-l)Maj* V 2 


Pq2 

Pol 


Ma { 
Ma 2 


l + Ma^ (k - 1)/ 2 

l + Ma?(fc-l)/2 


k+\ 

2(k-l) 


P 02 _ (l + kMaf)[l + Ma^(k-l)/2]^ /(A: “ 1) 
P x 1 + kMa 2 


k= 1.667 

My=S QRT((Mx A 2+2/(k- 1 ))/(2 * Mx A 2 *k/(k- 1 )- 1 )) 

PyPx=( l+k*Mx A 2)/( 1 +k*My A 2) 

TyTx=( 1 +Mx A 2 * (k- 1 )/2)/( 1 +My A 2 * (k- 1 )/2) 

Ry Rx=Py Px/T y T x 

P0yP0x=(Mx/My) * (( 1 +My A 2 * (k- 1 )/2)/ ( 1 +Mx A 2 * (k- 1 )/2)) A (0 . 5 * (k+ 1 )/ (k- 1 )) 
P0yPx=( 1 +k*Mx A 2)*( 1 +My A 2 *(k- 1 )/2) A (k/(k- 1 ))/( 1 +k*My A 2) 


Maj 

Ma 2 

Pi/Pi 

Pi>P\ 

T 2 n x 

P^Pqx 

P()2 IP 1 

1.0 

1.0000 

1.0000 

1.0000 

1.0000 

1 

2.0530 

1.1 

0.9131 

1.2625 

1.1496 

1.0982 

0.999 

2.3308 

1.2 

0.8462 

1.5500 

1.2972 

1.1949 

0.9933 

2.6473 

1.3 

0.7934 

1.8626 

1.4413 

1.2923 

0.9813 

2.9990 

1.4 

0.7508 

2.2001 

1.5805 

1.3920 

0.9626 

3.3838 

1.5 

0.7157 

2.5626 

1.7141 

1.4950 

0.938 

3.8007 

1.6 

0.6864 

2.9501 

1.8415 

1.6020 

0.9085 

4.2488 

1.7 

0.6618 

3.3627 

1.9624 

1.7135 

0.8752 

4.7278 

1.8 

0.6407 

3.8002 

2.0766 

1.8300 

0.8392 

5.2371 

1.9 

0.6227 

4.2627 

2.1842 

1.9516 

0.8016 

5.7767 

2.0 

0.6070 

4.7503 

2.2853 

2.0786 

0.763 

6.3462 

2.1 

0.5933 

5.2628 

2.3802 

2.2111 

0.7243 

6.9457 

2.2 

0.5814 

5.8004 

2.4689 

2.3493 

0.6861 

7.5749 

2.3 

0.5708 

6.3629 

2.5520 

2.4933 

0.6486 

8.2339 

2.4 

0.5614 

6.9504 

2.6296 

2.6432 

0.6124 

8.9225 

2.5 

0.5530 

7.5630 

2.7021 

2.7989 

0.5775 

9.6407 

2.6 

0.5455 

8.2005 

2.7699 

2.9606 

0.5442 

10.3885 

2.7 

0.5388 

8.8631 

2.8332 

3.1283 

0.5125 

11.1659 

2.8 

0.5327 

9.5506 

2.8923 

3.3021 

0.4824 

11.9728 

2.9 

0.5273 

10.2632 

2.9476 

3.4819 

0.4541 

12.8091 

3.0 

0.5223 

11.0007 

2.9993 

3.6678 

0.4274 

13.6750 

4.0 

0.4905 

19.7514 

3.3674 

5.8654 

0.2374 

23.9530 

5.0 

0.4753 

31.0022 

3.5703 

8.6834 

0.1398 

37.1723 

00 

0.4473 

00 

3.9985 

00 

0 

00 
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17-142 The critical temperature, pressure, and density of an equimolar mixture of oxygen and nitrogen for specified 
stagnation properties are to be determined. 

Assumptions Both oxygen and nitrogen are ideal gases with constant specific heats at room temperature. 

Properties The specific heat ratio and molar mass are k = 1 .395 and M= 32 kg/kmol for oxygen, and k = 1 .4 and M = 28 
kg/kmol for nitrogen (Tables A-l and A-2). 

Analysis The gas constant of the mixture is 

M m=yo 2 M o 2 +Jn 2 m n 2 = 0.5 X 32 + 0.5 X 28 = 30 kg/kmol 


The 

1.4. 


R u 

R « - u 


m 


M 


m 


8.314 kJ/kmol • K 
30 kg/kmol 


= 0.2771 kJ/kg-K 


specific heat ratio is 1 .4 for nitrogen, and nearly 1 .4 for oxygen. Therefore, the specific heat ratio of the mixture is also 
Then the critical temperature, pressure, and density of the mixture become 


r 


r* = r n 


P* = P, 


k + 1 
2 


= (600 K) 


r 2 N 

1.4 + 1 


/ ~ \kKk-l) 


p* = 


V 

p * 


k + l 


= 500.0 K 

~ \ 1 . 4 /( 1 . 4 - 1 ) 


= (300 kPa) 
158.5 kPa 


1.4 + 1 


= 158.5 kPa 


RT * (0.2771 kPa • m7kg • K)(500 K) 


= 1.144 kg/m 


Discussion If the specific heat ratios k of the two gases were different, then we would need to determine the k of the 
mixture from k = c Pt Jc v>m where the specific heats of the mixture are determined from 

Cp,m = mf o 2 c A o 2 +mf N2 c p>N2 =(_v 0; Mo 2 / M m )c p q 2 +(.Vn 2 M N2 /M m )c p ^ 2 

C V ,m = mf 0 2 c </,0 2 + mf N 2 c y ,N 2 =(yo 2 M 0 2 > M m)c v ,0 2 +(jN 2 ^N 2 ' M m)c v , N 2 

where mf is the mass fraction and y is the mole fraction. In this case it would give 
c pm = (0.5 x 32 / 30) x 0.9 1 8 + (0.5 x 28 / 30) x 1 .039 = 0.9745 kJ/kg.K 

c v m = (0.5 x 32 / 30) x 0.658 + (0.5 x 28 / 30) x 0.743 = 0.6977 kJ/kg.K 


and 

k = 0.9745/0.6977 = 1.397 
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Using EES (or other) software, the shape of a converging-diverging nozzle is to be determined for specified 


flow rate and stagnation conditions. The nozzle and the Mach number are to be plotted. 


Assumptions 1 Air is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, and 
isentropic. 3 The nozzle is adiabatic. 


Properties The specific heat ratio of air at room temperature is 1.4 (Table A-2a). 


Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


k=1.4 

Cp=1.005 M kJ/kg.K M 
R=0.287 M kJ/kg.K M 
P0=1400 M kPa M 
T0=200+273 "K" 
m=3 "kg/s" 
rho_0=P0/(R*T0) 
rho=P/(R*T) 

T=T 0 *(P/P0) A ((k- 1 )/k) 
V=SQRT(2*Cp*(T0-T)*1000) 
A=m/(rho*V)* 10000 "cm2" 
C=SQRT(k*R*T* 1 000) 
Ma=V/C 


Pressure 

Flow area 

Mach number 

P, kPa 

A, cm 2 

Ma 

1400 

00 

0 

1350 

30.1 

0.229 

1300 

21.7 

0.327 

1250 

18.1 

0.406 

1200 

16.0 

0.475 

1150 

14.7 

0.538 

1100 

13.7 

0.597 

1050 

13.0 

0.655 

1000 

12.5 

0.710 

950 

12.2 

0.766 

900 

11.9 

0.820 

850 

11.7 

0.876 

800 

11.6 

0.931 

750 

11.5 

0.988 

700 

11.5 

1.047 

650 

11.6 

1.107 

600 

11.8 

1.171 

550 

12.0 

1.237 

500 

12.3 

1.308 

450 

12.8 

1.384 

400 

13.3 

1.467 

350 

14.0 

1.559 

300 

15.0 

1.663 

250 

16.4 

1.784 

200 

18.3 

1.929 

150 

21.4 

2.114 

100 

27.0 

2.373 
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17-144 Using the compressible flow relations, the one-dimensional compressible flow functions are to be evaluated 

and tabulated as in Table A-32 for air. 

Properties The specific heat ratio is given to be k = 1.4 for air 

Analysis The compressible flow functions listed below are expressed in EES and the results are tabulated. 


Ma = Ma 


k + 1 


2 + (£-l)Ma 


A 


1 


A Ma 


f o \ 


\k + ly 


1 + - — -Ma 2 


-|0.5(&+1) /(/:-!) 


P 


Po V 

P 


1 + - — -Ma 2 
2 


-k /(k- 1) 


' N-i/(*-i) 


P 0 


1 + 


Ma 


T 


T t 


1 + - — -Ma 2 


-l 


o v 


Air: 


k=1.4 

PP0=( 1 +(k- 1 )*M A 2/2) A (-k/(k- 1 )) 

TT0=l/(l+(k-l)*M A 2/2) 

DD0=( 1 +(k- 1 ) * M A 2/2) A (- 1 /(k- 1 )) 

Mcr=M*SQRT((k+ 1 )/(2+(k- 1 ) *M A 2)) 

AAcr=((2/(k+ 1 )) * ( 1 +0 . 5 * (k- 1 ) * M A 2)) A (0. 5 *(k+ 1 )/(k- 1 ))/M 


Ma 

Ma* 

A/A* 

P/Po 

plpo 

T/Tg 

1.0 

1.0000 

1.0000 

0.5283 

0.6339 

0.8333 

1.5 

1.3646 

1.1762 

0.2724 

0.3950 

0.6897 

2.0 

1.6330 

1.6875 

0.1278 

0.2300 

0.5556 

2.5 

1.8257 

2.6367 

0.0585 

0.1317 

0.4444 

3.0 

1.9640 

4.2346 

0.0272 

0.0762 

0.3571 

3.5 

2.0642 

6.7896 

0.0131 

0.0452 

0.2899 

4.0 

2.1381 

10.7188 

0.0066 

0.0277 

0.2381 

4.5 

2.1936 

16.5622 

0.0035 

0.0174 

0.1980 

5.0 

2.2361 

25.0000 

0.0019 

0.0113 

0.1667 

5.5 

2.2691 

36.8690 

0.0011 

0.0076 

0.1418 

6.0 

2.2953 

53.1798 

0.0006 

0.0052 

0.1220 

6.5 

2.3163 

75.1343 

0.0004 

0.0036 

0.1058 

7.0 

2.3333 

104.1429 

0.0002 

0.0026 

0.0926 

7.5 

2.3474 

141.8415 

0.0002 

0.0019 

0.0816 

8.0 

2.3591 

190.1094 

0.0001 

0.0014 

0.0725 

8.5 

2.3689 

251.0862 

0.0001 

0.0011 

0.0647 

9.0 

2.3772 

327.1893 

0.0000 

0.0008 

0.0581 

9.5 

2.3843 

421.1314 

0.0000 

0.0006 

0.0525 

10.0 

2.3905 

535.9375 

0.0000 

0.0005 

0.0476 
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17-145 Using the compressible flow relations, the one-dimensional compressible flow functions are to be evaluated 

and tabulated as in Table A-32 for methane. 

Properties The specific heat ratio is given to be k = 1.3 for methane. 

Analysis The compressible flow functions listed below are expressed in EES and the results are tabulated. 


Ma = Ma 


k + 1 


2 + (k-l)Ma 


A 


1 


A Ma 


k + 1 


1 + 


k - 1 


"N 


Ma 


-|0.5(&+1) /(/:-!) 


P 


Po V 

P 


1 + - — -Ma 2 
2 


-k /(k- 1) 


' k _ U /(«) 


P 0 


1 + 


Ma 


T 


T t 


1 + - — -Ma 2 


-l 


o v 


Methane: 


k=1.3 

PP0=( 1 +(k- 1 )*M A 2/2) A (-k/(k- 1 )) 

TT0= 1/(1 +(k- 1 )*M A 2/2) 

DD0=( 1 +(k- 1 ) * M A 2/2) A (- 1 /(k- 1 )) 

Mcr=M*SQRT((k+ 1 )/(2+(k- 1 ) *M A 2)) 

AAcr=((2/(k+ 1 )) * ( 1 +0 . 5 * (k- 1 ) * M A 2)) A (0. 5 *(k+ 1 )/(k- 1 ))/M 


Ma 

Ma* 

A/A* 

PlPo 

plPo 

T/T 0 

1.0 

1.0000 

1.0000 

0.5457 

0.6276 

0.8696 

1.5 

1.3909 

1.1895 

0.2836 

0.3793 

0.7477 

2.0 

1.6956 

1.7732 

0.1305 

0.2087 

0.6250 

2.5 

1.9261 

2.9545 

0.0569 

0.1103 

0.5161 

3.0 

2.0986 

5.1598 

0.0247 

0.0580 

0.4255 

3.5 

2.2282 

9.1098 

0.0109 

0.0309 

0.3524 

4.0 

2.3263 

15.9441 

0.0050 

0.0169 

0.2941 

4.5 

2.4016 

27.3870 

0.0024 

0.0095 

0.2477 

5.0 

2.4602 

45.9565 

0.0012 

0.0056 

0.2105 

5.5 

2.5064 

75.2197 

0.0006 

0.0033 

0.1806 

6.0 

2.5434 

120.0965 

0.0003 

0.0021 

0.1563 

6.5 

2.5733 

187.2173 

0.0002 

0.0013 

0.1363 

7.0 

2.5978 

285.3372 

0.0001 

0.0008 

0.1198 

7.5 

2.6181 

425.8095 

0.0001 

0.0006 

0.1060 

8.0 

2.6350 

623.1235 

0.0000 

0.0004 

0.0943 

8.5 

2.6493 

895.5077 

0.0000 

0.0003 

0.0845 

9.0 

2.6615 

1265.6040 

0.0000 

0.0002 

0.0760 

9.5 

2.6719 

1761.2133 

0.0000 

0.0001 

0.0688 

10.0 

2.6810 

2416.1184 

0.0000 

0.0001 

0.0625 
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17-146 “ 

A-33 for air. 


Using the normal shock relations, the normal shock functions are to be evaluated and tabulated as in Table 


Properties The specific heat ratio is given to be k = 1.4 for air. 

Analysis The normal shock relations listed below are expressed in EES and the results are tabulated. 

2 


Ma 2 = 


(k- l)Maf +2 


2kMaf -ifc + 1 


P, 1 + kMaf 2kMaf -k + 1 


P, 1 + kMa 


ifc + 1 


T 2 _ 2 + Maf(A--l) 
T x 2 + Ma \{k-\) 


p 2 _ P 2 /P x _ (k + l)Maf _V X 
P\ T 2 !T\ 2 + {k — l)Ma \ V 2 


Pq2 

Pol 


Maj 

Ma 2 


l + Ma 2 (£-l)/2 
l + Maf(/t-l)/2 


k + 1 
2(k-l) 


P 02 _ (1 + £MaJ ! )[l + Ma 2 (£ -1)/ 2]* r/(<:_1) 
P, 1 + A:Ma 2 


Air: 


k=1.4 

My=SQRT((Mx A 2+2/(k- 1 ))/(2*Mx A 2*k/(k- 1 )- 1 )) 
PyPx=(l+k*Mx A 2)/(l+k*My A 2) 

TyTx=( 1 +Mx A 2 * (k- 1 )/2)/( 1 +My A 2 * (k- 1 )/2) 

Ry Rx=Py Px/T y T x 

P0yP0x=(Mx/My) * (( 1 +My A 2 * (k- 1 )/2)/ ( 1 +Mx A 2 * (k- 1 )/2)) A (0 . 5 * (k+ 1 )/ (k- 1 )) 
P0yPx=( 1 +k*Mx A 2)*( 1 +My A 2 *(k- 1 )/2) A (k/(k- 1 ))/( 1 +k*My A 2) 


Maj 

Ma 2 

p 2 /Pi 

pi/pi 

T,n x 

P 02 /P 01 

P 02 /P 1 

1.0 

1.0000 

1.0000 

1.0000 

1.0000 

1 

1.8929 

1.5 

0.7011 

2.4583 

1.8621 

1.3202 

0.9298 

3.4133 

2.0 

0.5774 

4.5000 

2.6667 

1.6875 

0.7209 

5.6404 

2.5 

0.5130 

7.1250 

3.3333 

2.1375 

0.499 

8.5261 

3.0 

0.4752 

10.3333 

3.8571 

2.6790 

0.3283 

12.0610 

3.5 

0.4512 

14.1250 

4.2609 

3.3151 

0.2129 

16.2420 

4.0 

0.4350 

18.5000 

4.5714 

4.0469 

0.1388 

21.0681 

4.5 

0.4236 

23.4583 

4.8119 

4.8751 

0.0917 

26.5387 

5.0 

0.4152 

29.0000 

5.0000 

5.8000 

0.06172 

32.6535 

5.5 

0.4090 

35.1250 

5.1489 

6.8218 

0.04236 

39.4124 

6.0 

0.4042 

41.8333 

5.2683 

7.9406 

0.02965 

46.8152 

6.5 

0.4004 

49.1250 

5.3651 

9.1564 

0.02115 

54.8620 

7.0 

0.3974 

57.0000 

5.4444 

10.4694 

0.01535 

63.5526 

7.5 

0.3949 

65.4583 

5.5102 

11.8795 

0.01133 

72.8871 

8.0 

0.3929 

74.5000 

5.5652 

13.3867 

0.008488 

82.8655 

8.5 

0.3912 

84.1250 

5.6117 

14.9911 

0.006449 

93.4876 

9.0 

0.3898 

94.3333 

5.6512 

16.6927 

0.004964 

104.7536 

9.5 

0.3886 

105.1250 

5.6850 

18.4915 

0.003866 

116.6634 

10.0 

0.3876 

116.5000 

5.7143 

20.3875 

0.003045 

129.2170 
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Using the normal shock relations, the normal shock functions are to be evaluated and tabulated as in Table 


A-33 for methane. 


Properties The specific heat ratio is given to be k= 1.3 for methane. 

Analysis The normal shock relations listed below are expressed in EES and the results are tabulated. 

2 


Ma 2 = 


(k-l)Maj +2 


2kMaf -k + 1 


P, 1 + kMaf 2kMaf -k + 1 


P, 1 + kMa 


k + 1 


T 2 _ 2 + Maf (£ -1) 
T x 2 + Ma \{k-\) 


p 2 _ P 2 /P x _ (k + l)Maf _V X 
P\ T 2 !T\ 2 + {k — l)Ma \ V 2 


Pq2 

Pol 


Maj 

Ma 2 


l + Ma 2 (£-l)/2 
l + Maf(/t-l)/2 


k + 1 
2(*-l) 


P 02 _ (l + A:Maf)[l + Ma5(A:-l)/2]* r/( ^ 1) 
P, 1 + A:Ma 2 


Methane: 


k=1.3 

My=SQRT((Mx A 2+2/(k- 1 ))/(2*Mx A 2*k/(k- 1 )- 1 )) 
PyPx=(l+k*Mx A 2)/(l+k*My A 2) 

TyTx=( 1 +Mx A 2 * (k- 1 )/2)/( 1 +My A 2 * (k- 1 )/2) 

Ry Rx=Py Px/T y T x 

P0yP0x=(Mx/My) * (( 1 +My A 2 * (k- 1 )/2)/ ( 1 +Mx A 2 * (k- 1 )/2)) A (0 . 5 * (k+ 1 )/ (k- 1 )) 
P0yPx=( 1 +k*Mx A 2)*( 1 +My A 2 *(k- 1 )/2) A (k/(k- 1 ))/( 1 +k*My A 2) 


Maj 

Ma 2 

P 2 /P 1 

Pl<P\ 

T,n x 

P 02 /P 01 

P 02 /P 1 

1.0 

1.0000 

1.0000 

1.0000 

1.0000 

1 

1.8324 

1.5 

0.6942 

2.4130 

1.9346 

1.2473 

0.9261 

3.2654 

2.0 

0.5629 

4.3913 

2.8750 

1.5274 

0.7006 

5.3700 

2.5 

0.4929 

6.9348 

3.7097 

1.8694 

0.461 

8.0983 

3.0 

0.4511 

10.0435 

4.4043 

2.2804 

0.2822 

11.4409 

3.5 

0.4241 

13.7174 

4.9648 

2.7630 

0.1677 

15.3948 

4.0 

0.4058 

17.9565 

5.4118 

3.3181 

0.09933 

19.9589 

4.5 

0.3927 

22.7609 

5.7678 

3.9462 

0.05939 

25.1325 

5.0 

0.3832 

28.1304 

6.0526 

4.6476 

0.03613 

30.9155 

5.5 

0.3760 

34.0652 

6.2822 

5.4225 

0.02243 

37.3076 

6.0 

0.3704 

40.5652 

6.4688 

6.2710 

0.01422 

44.3087 

6.5 

0.3660 

47.6304 

6.6218 

7.1930 

0.009218 

51.9188 

7.0 

0.3625 

55.2609 

6.7485 

8.1886 

0.006098 

60.1379 

7.5 

0.3596 

63.4565 

6.8543 

9.2579 

0.004114 

68.9658 

8.0 

0.3573 

72.2174 

6.9434 

10.4009 

0.002827 

78.4027 

8.5 

0.3553 

81.5435 

7.0190 

11.6175 

0.001977 

88.4485 

9.0 

0.3536 

91.4348 

7.0837 

12.9079 

0.001404 

99.1032 

9.5 

0.3522 

101.8913 

7.1393 

14.2719 

0.001012 

110.367 

10.0 

0.3510 

112.9130 

7.1875 

15.7096 

0.000740 

122.239 
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17-148 Air flowing at a supersonic velocity in a duct is accelerated by cooling. For a specified exit Mach number, the rate 
of heat transfer is to be determined. 


Assumptions The assumptions associated with Rayleigh flow (i.e., 
steady one-dimensional flow of an ideal gas with constant properties 
through a constant cross-sectional area duct with negligible frictional 
effects) are valid. 

Properties We take the properties of air to be k= 1.4, c p = 1.005 
kJ/kg-K, and R = 0.287 kJ/kg-K (Table A-2a). 

Analysis Knowing stagnation properties, the static properties are 
determined to be 


& 


P m = 240 kPa 
T m = 350 K 

i 

i 

i 

lMa 2 = 2 



Ma! = f.£ 

i 

i 

i 

i 


Ti=T 0l 


Pi=P oi 


1 + 


k - 1 


\-i 


Ma 


= (350 K) 


1 + 


1.4-1 


1.2 


= 271.7 K 


i k — 1 2 

1 + Maf 


-k /(k-\) 


= (240 kPa) 




- 1 . 4 / 0. 4 


= 98.97 kPa 


P\ = 


RTi 


98.97 kPa 

(0.287 kJ/kgK)(271.7 K) 


1.269 kg/m 3 


Then the inlet velocity and the mass flow rate become 


c, = y[kKT\ = y ( 1 .4)(0.287 kJ/kg -K)(27 1.7 K) 
V { = Ma y c { =1.2(330.4 m/s) = 396.5 m/s 


T000 m 2 / s 2 ^ 


1 kJ/kg 


= 330.4 m/s 


ra a ir = P\A c] V { - (1.269 kg/m 3 )[;r(0. 20m) 2 / 4](330.4 m/s) = 15.81 kg/s 

The Rayleigh flow functions T 0 /T 0 corresponding to the inlet and exit Mach numbers are (Table A-34): 
Ma! = 1.8: T 0l /T 0 * = 0.9787 

Ma 2 = 2: T 02 /T 0 * = 0.7934 

Then the exit stagnation temperature is determined to be 

T T IT* 0 7934 

-02_=-22 — = 0.8107 -> T 02 =0.81 07r 0 , =0.8 107(350 K) = 283.7 K 

Toi T 0l / r 0 0.9787 


Finally, the rate of heat transfer is 

Q = m aiY c p (T 02 - T 0l ) = (15.8 1 kg/s)(l .005 kJ/kg • K)(283.7 - 350) K = -1 053 kW 


Discussion The negative sign confirms that the gas needs to be cooled in order to be accelerated. Also, it can be shown that 
the thermodynamic temperature drops to 158 K at the exit, which is extremely low. Therefore, the duct may need to be 
heavily insulated to maintain indicated flow conditions. 
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17-149 Air flowing at a subsonic velocity in a duct is accelerated by heating. The highest rate of heat transfer without 
affecting the inlet conditions is to be determined. 

Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 Inlet 
conditions (and thus the mass flow rate) remain constant. 

Properties We take the properties of air to be k = 1 .4, c p = 1 .005 kJ/kg-K, 
and R = 0.287 kJ/kg-K (Table A-2a). 


Analysis Heat transfer will stop when the flow is choked, and 
thus Ma 2 = V 2 /c 2 = 1 . The inlet density and stagnation 
temperature are 


P 


A = 


550 kPa 


RT X (0.287 kJ/kgK)(450 K) 


= 4.259 kg/m 


P 1 = 550 kPa 
T x = 450 K 

> ■ 

Maj = 0.3 



r 0 i = L 


1 + ^— '-Mai 


= (450 K) 


1 + 


1.4-1 


A 


0.3 


= 458.1 K 


Then the inlet velocity and the mass flow rate become 
Cl = yj kRT x = 


1 


(1.4)(0.287 kJ/kg-K)(450K) 


T000 m 2 /s 2 ^ 


1 kJ/kg 


= 425.2 m/s 


V x = Ma 1 c 1 = 0.3(425.2 m/s) = 127.6 m/s 

m air = p l A c] V l = (4.259 kg/m J )(0. 08 x 0.08 m 2 )(127. 6 m/s) = 3.477 kg/s 

The Rayleigh flow functions corresponding to the inlet and exit Mach numbers are 
TWTV = 1 (since Ma 2 = 1) 


r 01 (k + l)Ma \\2 + (k - l)Ma \ ] (1.4 + 1)0.3 2 [2 + (1.4 - 1)0.3 2 ] 


Tn 


(\ + kMa\) 2 


(1 + 1.4 x 0.3 2 ) 2 


= 0.3469 Ther 


efore. 


Tr 


02 


^02 ! T 0 


1 


Tn 


01 T 0l /r 0 0.3469 
Then the rate of heat transfer becomes 


-> r 02 = T 0l / 0.3469 = (458.1 K)/ 0.3469 = 1320.7 K 


Ma 2 — 1 


Q = rh a i T c p C r 02 - r 01 ) = (3.477 kg/s)(1.005 kJ/kg • K)(l 320.7 - 458. 1) K = 3014 kW 

Discussion It can also be shown that T 2 = 1101 K, which is the highest thermodynamic temperature that can be attained 
under stated conditions. If more heat is transferred, the additional temperature rise will cause the mass flow rate to decrease. 
We can also solve this problem using the Rayleigh function values listed in Table A-34. 
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17-150 Helium flowing at a subsonic velocity in a duct is accelerated by heating. The highest rate of heat transfer without 
affecting the inlet conditions is to be determined. 


Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 Inlet 
conditions (and thus the mass flow rate) remain constant. 


Properties We take the properties of helium to be 
k = 1.667, c p = 5.193 kJ/kg-K, and R = 2.077 kJ/kg-K 
(Table A-2a). 

Analysis Heat transfer will stop when the flow is choked, 
and thus Ma 2 = V 2 /c 2 = 1 . The inlet density and stagnation 
temperature are 


P\ = 


A 

RT X 


550 kPa 

(2.077 kJ/kgK)(450 K) 


0.5885 kg/m 3 


Q 

P x = 550 kPa 
r, = 450 K 


Ma 2 — 1 

Ma, = 0.3 



Tox=T x 


1 + 


k-\ 


Ma 


= (450 K) 


r i + i^i 0 .3^ 


= 463.5 K 




Then the inlet velocity and the mass flow rate become 

Cl = yJkRT x = 


(1.667)(2.077 kJ/kg • K)(450 K) 


T()00m 2 /s 2 ^ 


1 kJ/kg 


= 1248 m/s 


V, = MajCj = 0.3(1248 m/s) = 374.5 m/s 

m air = PiA cl V i = (0.5885 kg/m 3 )(0.08x 0.08 m 2 )(374.5 m/s) = 1.410 kg/s 

The Rayleigh flow functions corresponding to the inlet and exit Mach numbers are 
T^i/To = 1 (since Ma 2 = 1) 

r 01 (k + l)Ma 2 [2 + (k - l)Ma 2 ] (1.667 + 1)0.33 2 [2 + (1.667 - 1)0.3 2 ] 


Tr 


(1 + kMa 2 ) 2 


(1 + 1.667 x 0.3 2 ) 2 


= 0.3739 


Therefore, 


Tr 


02 


^02 / 7 ^ 


1 


Tn 


oi T 0l /T 0 0.3739 
Then the rate of heat transfer becomes 


-> T 02 = T 0l / 0.3739 = (463.5 K) / 0.3739 = 1239.8 K 


Q = m ak c p (T 02 -T 0{ ) = (1 .410 kg/s)(5. 193 kJ/kg • K)(1239.8- 463.5) K = 5685 kW 

Discussion It can also be shown that T 2 = 930 K, which is the highest thermodynamic temperature that can be attained 
under stated conditions. If more heat is transferred, the additional temperature rise will cause the mass flow rate to decrease. 
Also, in the solution of this problem, we cannot use the values of Table A-34 since they are based on k = 1.4. 
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17-151 Air flowing at a subsonic velocity in a duct is accelerated by heating. For a specified exit Mach number, the heat 
transfer for a specified exit Mach number as well as the maximum heat transfer are to be determined. 

Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 Inlet 
conditions (and thus the mass flow rate) remain constant. 

Properties We take the properties of air to be k = 1.4, c p = 1.005 kJ/kg-K, and R = 0.287 kJ/kg-K (Table A-2a). 

Analysis The inlet Mach number and stagnation temperature are 


Cl = ■ y JkRT l = 


1 


(1 .4)(0.287 kJ/kg • K)(400 K) 


1000m 2 /s 
1 kJ/kg 


= 400.9 m/s 


Ma ! = — = 1QOm/S = 0.2494 


c 1 400.9 m/s 


T 0 i=T x 


1 + 


k - 1 


Ma 


= (400 K) 
= 405.0 K 


1.4-1 9 

1 + 0.2494 2 

2 


q , 

P x =35 kPa 
T x = 400lK 

i 

y' 

|Ma 2 = 0.8 

V\ = lOOjm/s 

i 

i 

i 

i 

i 

i 


The Rayleigh flow functions corresponding to the inlet and exit Mach numbers are (Table A-34): 
Ma! = 0.2494: T 0l /T* = 0.2559 

Ma 2 = 0.8: T 02 /T* =0.9639 

Then the exit stagnation temperature and the heat transfer are determined to be 
T T / T 0 9639 

- = — = 3.7667 — » r 0? = 3.76677’ 01 = 3.7667(405.0 K) = l 526 K 

r 01 T 0l /T 0.2559 


q = c p ( T 02 - T 0l ) = (1 .005 kJ/kg • K)(1526 - 405) K = 1 126 kJ/kg 
Maximum heat transfer will occur when the flow is choked, and thus Ma 2 = 1 and thus T^jT = 1. Then, 

Zk = Zk/Z_ = — > T 02 = 7’ m / 0.2559 = 405.0 K)/ 0.2559 = 1583K 

T 0l T 01 /T 0.2559 


q max = c p (T 02 - T 0l ) = (1 . 005 kJ/kg -K)(l 583- 405) K = 1184 kJ/kg 

Discussion This is the maximum heat that can be transferred to the gas without affecting the mass flow rate. If more heat is 
transferred, the additional temperature rise will cause the mass flow rate to decrease. 
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17-152 Air flowing at sonic conditions in a duct is accelerated by cooling. For a specified exit Mach number, the amount of 
heat transfer per unit mass is to be determined. 

Assumptions The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 


Properties We take the properties of air to be k = 1.4, c p = 1.005 kJ/kg-K, and R = 0.287 kJ/kg-K (Table A-2a). 


Analysis Noting that Ma, = 1, the inlet stagnation temperature is 




1 + 


k - 1 


Ma 


= (500 K) 




= 600 K 


The Rayleigh flow functions T 0 JT 0 * corresponding to the inlet and 
exit Mach numbers are (Table A-34): 


Ma, = 1: 
Ma 2 = 1.6: 


T m /To = 1 
T 02 ITq= 0.8842 


zl 

Pol = 42(1) kPa 
T 0 1 = 50(1 K 


2 

P 

to 

II 

f r 

Ma, = f i 


i 

i 

i 

i 


Then the exit stagnation temperature and heat transfer are determined to be 
T TIT * 0 8842 

— o_=^ — = 0.8842 -> T 02 =0.88427’ 01 =0.8842(600 K) = 530.5 K 

Tot Tm/To ! 


q = c p (T 02 - T 0l ) = (1 .005 kJ/kg ■ K)(530.5 - 600) K = - 69.8 kJ/kg 

Discussion The negative sign confirms that the gas needs to be cooled in order to be accelerated. Also, it can be shown that 
the thermodynamic temperature drops to 351 K at the exit 
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17-153 Saturated steam enters a converging-diverging nozzle with a low velocity. The throat area, exit velocity, mass flow 
rate, and exit Mach number are to be determined for isentropic and 90 percent efficient nozzle cases. 


Assumptions 1 Flow through the nozzle is steady and one-dimensional. 

2 The nozzle is adiabatic. 

Analysis (a) The inlet stagnation properties in this case are identical to the 
inlet properties since the inlet velocity is negligible. Thus h\o = h\. At the 
inlet, 


V 


- - 




(T) Steam (7) 


h { = (hj? + x l hj- g )@ l 75M Pa = 878.16 + 0.90 x 1917.1 = 2603.5 kJ/kg 
Si =(Sf + x x s f g ) @ 1 . 75 MPa = 2.3844 + 0.90 x 4.0033 = 5.9874 kJ/kg • K 

At the exit, P 2 = 1.2 MPa and s 2 = s 2s = Si = 5.9874 kJ/kg- K. Thus, 

s 2 =s f +X 2 s fg ^> 5.9874 = 2.2159 + jc 2 (4.3058) ->* 2 = 0.8759 
h 2 = h f + x 2 h fg = 798.33 + 0.8759 x 1985.4 = 2537.4 kJ/kg 

t/ 2 = v f + x 2 o fg = 0.001 138 + 0.8759 x (0.16326 -0.001 138) = 0.14314 m 3 /kg 
Then the exit velocity is determined from the steady-flow energy balance to be 

•2 t r2 

v n _ i 
L 2 


a) tj N = 1 00% 

b) 7/n = 92% 


V, A VS V ? 2 - V 2 

h { + -2— = h 2 + -2- — » 0 = h 2 - h x + -2 — 

2 2 2 


Solving for V 2 , 

V 2 = ^2(hi - h 2 ) = 




2(2603.5 -2537.4)kJ/kg 


^lOOOm 2 /s 2 ^ 


1 kJ/kg 


= 363.7 m/s 


The mass flow rate is determined from 

1 . .. 1 


m = 


O' 


a 2 v 2 = 


(25 x 10 _4 m 2 )(363.7 m/s) = 6.35 kg/s 


■ 2 0.14314m /kg 

The velocity of sound at the exit of the nozzle is determined from 


c = 



1/2 

" A P ' 

\dr) 

S 



1/2 


The specific volume of steam at s 2 = 5.9874 kJ/kg-K and at pressures just below and just above the specified pressure (1.1 
and 1.3 MPa) are determined to be 0.1547 and 0.1333 m 3 /kg. Substituting, 


c 2 = 


(l300 - 1 100)kPa 

1000 m 2 /s 2 ' 

Ilf 1 1 1 

1 Lrr/™ 3 

, 1 kPa • m 3 

| y 0. 1333 0.1547 J 

| AVg,/ All 


= 438.9 m/s 


Then the exit Mach number becomes 

A/f V 2 363.7 m/s A 

Ma 2 = — = = 0.829 

c 2 438.9 m/s 

The steam is saturated, and thus the critical pressure which occurs at the throat is taken to be 
P t = P* = 0.576 xP 01 = 0.576x1.75 = 1.008 MPa 
Then at the throat, 

P t = 1 .008 MPa and s t = s x = 5.9874 kJ/kg • K 

Thus, 
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h, = 2507.7 kJ/kg 
v, = 0.1672 m 3 /kg 

Then the throat velocity is determined from the steady- flow energy balance, 

o 710 o o 

V V V 

h\ + — = h,+- i > 0 = h,-h x + 


Solving for 

v, =V 2 ( /I 1 -h t ) = 


1 


2(2603.5 -2507.7)kJ/kg 


4000m 2 /s 2 ^ 


1 kJ/kg 


= 437.7 m/s 


Thus the throat area is 

mv, (6.35kg/s)(0. 1672m 3 /kg) 


4 = 




437.7 m/s 


= 24.26 x 10~ 4 m 2 = 24.26cm 2 


(Z?) The inlet stagnation properties in this case are identical to the inlet 
properties since the inlet velocity is negligible. Thus h\ 0 = h\. At the inlet, 

h x = (hf + x x hf g 75MPa = 878.16 + 0.90 x 1917.1 = 2603.5 kJ/kg 

Si =(Sf + x x s f g )@ us MPa = 2.3844 + 0.90 x 4.0033 = 5.9874 kJ/kg • K 

At state 2s, P 2 = 1.2 MPa and s 2 = s 2s = ^1 = 5.9874 kJ/kg-K. Thus, 

s 2s =Sf +x 2 Sf g —>5.9874 = 2.2159 + x 2 (4.3058) ~^x 2s = 0.8759 
h 2s =h f + x 2 h Jg = 798.33 + 0.8759 x 1985.4 = 2537.4 kJ/kg 

The enthalpy of steam at the actual exit state is determined from 

2603.5 -h. 


(T) Steam (7) ► 


a) tj N = 1 00% 

b) 77n = 92% 


= 


^01 ^2 

^01 - h 2s 


->0.92 = 


2603.4-2537.4 

Therefore at the exit, P 2 = 1.2 MPa and h 2 = 2542.7 kJ/kg-K. Thus, 


>h 2 =2542.7 kJ/kg 


-> 2542.7 = 798.33 + * 2 (1985.4) 


h 2 = hj + x 2 hj g — 

s 2 =s f + x 2 s jg = 2.2159 + 0.8786 x 4.3058 = 5.9989 


-> x 2 = 0.8786 


i/ 2 = v f + x 2 v fg = 0.001 138 + 0.8786 x (0.16326 - 0.001 138) = 0.1436 kJ / kg 
Then the exit velocity is determined from the steady-flow energy balance to be 


vl - V, 2 


fly + ~~~ = h 2 + > 0 = h 2 -hy+^~ 

^ 2 ^ 


Solving for V 2 , 

^2 = V 2 ^! _ ^2 ) = 


1 


2(2603.5- 2542. 7)kJ/kg 


4000m 2 /s 2 ^ 
1 kJ/kg 


= 348.9 m/s 


The mass flow rate is determined from 
1 „ 1 


m = 




a 2 v 2 = 


(25 x 10~ 4 m 2 )(348.9 m/s) = 6.07 kg/s 


•2 0.1436m’ /kg 

The velocity of sound at the exit of the nozzle is determined from 

dP_ 

\ d Pj 


r f u, W 2 


c = 


A(1 / 1/) 
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The specific volume of steam at s 2 = 5.9989 kJ/kg-K and at pressures just below and just above the specified pressure (1.1 
and 1.3 MPa) are determined to be 0.1551 and 0.1337 m 3 /kg. Substituting, 


Co = 


(l 300 - 1 100)kPa 


0.1337 0.1551 


kg/m 


_ 1000m 2 /s 2 
3 1 kPa • m 3 


= 439.7 m/s 


Then the exit Mach number becomes 

_ _ V 2 348.9 m/s „ ^ 

Ma 2 =-*- = = 0.793 

c 2 439.7 m/s 

The steam is saturated, and thus the critical pressure which occurs at the throat is taken to be 
P t =P* = 0.576 xP 01 = 0.576 x 1.75 = 1.008 MPa 

At state 2ts, P ts = 1.008 MPa and s ts = S\ = 5.9874 kJ/kg-K. Thus, h ts = 2507.7 kJ/kg. 

The actual enthalpy of steam at the throat is 


7v = 


K\ ~ h t 

K\ ~ K 


0.92 = 


2603.5 — h t 
2603.5-2507.7 


h t =25 15. 4 kJ/kg 


Therefore at the throat, P 2 = 1.008 MPa and h t = 25 15.4 kJ/kg. Thus, v, = 0.1679 m 3 /kg. 
Then the throat velocity is determined from the steady- flow energy balance, 




Solving for V t9 


Z yZ yZ 

— = /l+^--> 0 = h t -h+- J - 
2 2 2 


V, = J2 (h x -h,) = 12(2603.5 - 2515.4)kJ/kg 


1000m 2 /s 2 
1 kJ/kg 


= 419.9 m/s 


Thus the throat area is 


a = 


my _ (6.07 kg/s)(0. 1679 m 3 /kg) 
V f 419.9 m/s 


= 24.30x 10 _4 m 2 =24.30cm : 
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Fundamentals of Engineering (FE) Exam Problems 
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17-154 An aircraft is cruising in still air at 5°C at a velocity of 400 m/s. The air temperature at the nose of the aircraft where 
stagnation occurs is 

(a) 5°C (b) 25°C(c) 55°C (d) 80°C (e) 85°C 
Answer (e) 85°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1.4 

Cp=1.005 "kJ/kg.K" 

Tl=5 M C M 
Vell= 400 n m/s" 

T l_stag=T 1 + Vel 1 A 2/(2 *Cp * 1 000) 

"Some Wrong Solutions with Common Mistakes:" 

Wl_Tstag=Tl "Assuming temperature rise" 

W2_Tstag=Vell A 2/(2*Cp*1000) "Using just the dynamic temperature" 
W3_T stag=T 1 + V el 1 A 2/(Cp * 1 000) "Not using the factor 2" 


17-155 Air is flowing in a wind tunnel at 25 °C, 80 kPa, and 250 m/s. The stagnation pressure at a probe inserted into the 
flow stream is 

(a) 87 kPa (b) 93 kPa (c) 1 13 kPa (d) 1 19 kPa (e) 125 kPa 
Answer (c) 113 kPa 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1.4 

Cp= 1.005 "kJ/kg.K" 

Tl=25 "K" 

Pl=80 "kPa" 

Vell= 250 "m/s" 

T l_stag=(T 1 +27 3 )+ V el 1 A 2/ (2 * Cp * 1 000) "C" 
T l_stag/(T 1 +273)=(P l_stag/P 1 ) A ((k- 1 )/k) 


"Some Wrong Solutions with Common Mistakes:" 

Til _stag/T 1 =(W I P 1 stag/P 1 ) A ((k- 1 )/k) ; T1 l_stag=Tl+Vell A 2/(2*Cp* 1000) "Using deg. C for temperatures" 

T 1 2_stag/ (T 1+273 )=( W 2_P 1 stag/P 1 ) A ((k- 1 )/k) ; T12_stag=(Tl+273)+Vell A 2/(Cp*1000) "Not using the factor 2" 

T 1 3_stag/ (T 1+273 )=( W3_P 1 stag/P 1 ) A (k- 1 ) ; T13_stag=(Tl+273)+Vell A 2/(2*Cp*1000) "Using wrong isentropic relation" 
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17-156 An aircraft is reported to be cruising in still air at -20°C and 40 kPa at a Mach number of 0.86. The velocity of the 
aircraft is 

(a) 91 m/s (b) 220 m/s (c) 186 m/s (d) 280 m/s (e) 378 m/s 
Answer (d) 280 m/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1.4 

Cp=1.005 "kJ/kg.K" 

R=0.287 M kJ/kg.K M 
Tl=-20+273 "K" 

PI =40 "kPa" 

Mach=0.86 

VS 1 =SQRT(k*R*T 1 * 1 000) 

Mach=Vell/VSl 

"Some Wrong Solutions with Common Mistakes:" 

Wl_vel=Mach*VS2; VS2=SQRT(k*R*Tl) "Not using the factor 1000" 
W2_vel=VSl/Mach "Using Mach number relation backwards" 
W3_vel=Mach*VS3; VS3=k*R*Tl "Using wrong relation" 


17-157 Air is flowing in a wind tunnel at 12°C and 66 kPa at a velocity of 230 m/s. The Mach number of the flow is 
(a) 0.54 (b) 0.87 (c) 3.3 (d) 0.36 (e) 0.68 
Answer (e) 0.68 

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1.4 

Cp=1.005 "kJ/kg.K" 

R=0.287 "kJ/kg.K" 

Tl=12+273 "K" 

PI =66 "kPa" 

Vell=230 "m/s" 

VS 1 =SQRT(k*R*T 1 * 1 000) 

Mach=Vell/VSl 

"Some Wrong Solutions with Common Mistakes:" 

W 1 _Mach= V el 1 /VS2 ; VS2=SQRT(k*R*(Tl-273)*1000) "Using C for temperature" 
W2_Mach=VSl/Vell "Using Mach number relation backwards" 

W 3_Mach= V el 1 /V S 3 ; VS3=k*R*Tl "Using wrong relation" 
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17-158 Consider a converging nozzle with a low velocity at the inlet and sonic velocity at the exit plane. Now the nozzle 
exit diameter is reduced by half while the nozzle inlet temperature and pressure are maintained the same. The nozzle exit 
velocity will 

(a) remain the same. (b) double. (c) quadruple. (d) go down by half. (e) go down to one-fourth. 
Answer (a) remain the same. 


17-159 Air is approaching a converging-diverging nozzle with a low velocity at 12°C and 200 kPa, and it leaves the nozzle 
at a supersonic velocity. The velocity of air at the throat of the nozzle is 

(a) 338 m/s (b) 309 m/s (c) 280 m/s (d) 256 m/s (e) 95 m/s 

Answer (b) 309 m/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1.4 

Cp= 1.005 "kJ/kg.K" 

R=0.287 "kJ/kg.K" 

"Properties at the inlet" 

Tl=12+273 "K" 

PI =200 "kPa" 

Vell=0 "m/s" 

To=Tl "since velocity is zero" 

Po=Pl 

"Throat properties" 

T_throat=2 * To/ (k+ 1 ) 

P_throat=Po*(2/(k+ l)) A (k/(k- 1 )) 

"The velocity at the throat is the velocity of sound," 

V_throat=SQRT(k*R*T_throat*1000) 

"Some Wrong Solutions with Common Mistakes:" 

Wl_Vthroat=SQRT(k*R*Tl*1000) "Using T1 for temperature" 

W2_Vthroat=SQRT(k*R*T2_throat*1000); T2_throat=2*(To-273)/(k+l) "Using C for temperature" 
W3_Vthroat=k*R*T_throat "Using wrong relation" 
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17-160 Argon gas is approaching a converging-diverging nozzle with a low velocity at 20°C and 120 kPa, and it leaves the 
nozzle at a supersonic velocity. If the cross-sectional area of the throat is 0.015 nr, the mass flow rate of argon through the 
nozzle is 

(a) 0.41 kg/s (b) 3.4 kg/s (c) 5.3 kg/s (d) 17 kg/s (e) 22 kg/s 
Answer (c) 5.3 kg/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k= 1.667 

Cp=0.5203 "kJ/kg.K" 

R=0.2081 "kJ/kg.K" 

A=0.015 "m A 2 M 
"Properties at the inlet" 

Tl=20+273 "K" 

P 1=120 "kPa" 

Vell=0 "m/s" 

To=Tl "since velocity is zero" 

Po=Pl 

"Throat properties" 

T_throat=2 * To/ (k+ 1 ) 

P_throat=Po * (2/(k+ 1 )) A (k/(k- 1 )) 
rho_throat=P_throat/ (R* Tthroat) 

"The velocity at the throat is the velocity of sound," 

V_throat=SQRT(k*R*T_throat*1000) 
m=rho_throat * A * Vthroat 

"Some Wrong Solutions with Common Mistakes:" 

Wl_mass=rho_throat*A*Vl_throat; Vl_throat=SQRT(k*R*Tl throat* 1000); Tl_throat=2*(To-273)/(k+l) "Using C for 
temp" 

W2_mass=rho2_throat*A*V_throat; rho2_throat=Pl/(R*Tl) "Using density at inlet" 
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17-161 Carbon dioxide enters a converging-diverging nozzle at 60 m/s, 3 10°C, and 300 kPa, and it leaves the nozzle at a 
supersonic velocity. The velocity of carbon dioxide at the throat of the nozzle is 

(a) 125 m/s (b) 225 m/s (c) 312 m/s (d) 353 m/s (e) 377 m/s 

Answer (d) 353 m/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1.289 

Cp=0.846 "kJ/kg.K" 

R=0.1889 M kJ/kg.K M 
"Properties at the inlet" 

T 1=3 10+273 "K" 

PI =3 00 "kPa" 

Vell=60 "m/s" 

To=T 1 + Vel 1 A 2/(2 * Cp * 1 000) 

T o/T 1 =(Po/P 1 ) A ((k- 1 )/k) 

"Throat properties" 

T_throat=2 * To/ (k+ 1 ) 

P_throat=Po*(2/(k+ l)) A (k/(k- 1 )) 

"The velocity at the throat is the velocity of sound," 

V_throat=SQRT(k*R*T_throat*1000) 

"Some Wrong Solutions with Common Mistakes:" 

Wl_Vthroat=SQRT(k*R*T 1*1000) "Using T1 for temperature" 

W2_Vthroat=SQRT(k*R*T2_throat*1000); T2_throat=2*(T_throat-273)/(k+l) "Using C for temperature" 
W3_Vthroat=k*R*T_throat "Using wrong relation" 


17-162 Consider gas flow through a converging-diverging nozzle. Of the five statements below, select the one that is 
incorrect: 

(a) The fluid velocity at the throat can never exceed the speed of sound. 

(b) If the fluid velocity at the throat is below the speed of sound, the diversion section will act like a diffuser. 

(c) If the fluid enters the diverging section with a Mach number greater than one, the flow at the nozzle exit will be 
supersonic. 

(d) There will be no flow through the nozzle if the back pressure equals the stagnation pressure. 

(e) The fluid velocity decreases, the entropy increases, and stagnation enthalpy remains constant during flow through a 
normal shock. 

Answer (c) If the fluid enters the diverging section with a Mach number greater than one, the flow at the nozzle exit will be 
supersonic. 
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17-163 Combustion gases with k= 1.33 enter a converging nozzle at stagnation temperature and pressure of 350°C and 400 
kPa, and are discharged into the atmospheric air at 20°C and 100 kPa. The lowest pressure that will occur within the nozzle 
is 

(a) 1 3 kPa (b) 1 00 kPa (c) 2 1 6 kPa (d) 290 kPa (e) 3 1 5 kPa 
Answer (c)216kPa 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k= 1.33 

Po=400 "kPa" 

"The critical pressure is" 

P_throat=Po*(2/(k+ l)) A (k/(k- 1 )) 

"The lowest pressure that will occur in the nozzle is the higher of the critical or atmospheric pressure." 

"Some Wrong Solutions with Common Mistakes:" 

W2_Pthroat=Po*(l/(k+l)) A (k/(k-l)) "EFsing wrong relation" 

W3_Pthroat=100 "Assuming atmospheric pressure" 


17-164 — 17-166 Design and Essay Problems 
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